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1. INTRODUCTION

THE propagation of a strong shock wave in a gas is
accompanied by a sharp change of its state, leading to
a destruction of the statistical equilibrium in the me-
dium. The study of the process of establishing equi-
librium in shock waves has made it possible to obtain
valuable information about the kinetics of relaxation
processes in gases, which are of interest both for the
aerodynamics of large supersonic velocities and also
in certain problems of physical kinetics and the ki-
netics of chemical reactions in gases at high tempera-
tures. These phenomena include the establishing of

the Maxwell distribution in the translational degrees
of freedom of the molecules, the excitation of molecu-
lar rotation and vibrations, the thermal dissociation
of molecules, emission of radiation, and ionization.
The present paper is devoted to a survey of the

main methods and results of theoretical and experi-
mental studies of the various relaxation phenomena
in shock waves. In the first part of the paper (Secs.

2 and 3) we give a theoretical treatment of the proc-
esses of establishing equilibrium in the separate de-
grees of freedom; this treatment is based on the ki-
netic theory of gases. The phenomenological method
of description of states of incomplete statistical equi-
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librium, based on the introduction of supplementary
parameters,% is not considered in this paper. The
second part of the paper (Secs. 4 and 5) is devoted to
the experimental study of the states of gases in shock
waves. At the present time these studies are made
with various kinds of apparatus—shock tubes, 8,157 ox -
plosion chambers,* pulse apparatus,3 and so on. Here
we shall consider the methods of investigation that are
used in work with shock tubes—the simplest laboratory
apparatus, and that which yields the greatest number
of results on the kinetics of relaxation processes at
high temperatures. In this paper we consider only
endothermic processes in gases; some features of the
occurrence of exothermic processes in shock waves
(detonations) have been discussed in a paper published
in this journal by R. I. Soloukhin,* and also in other re-
view articles,®?!8 and have been studied in more detail
by Zel’dovich and Kompaneets.!®

The questions with which we deal have been subject
to development only in recent years; one of the first
papers in this field is by Ya. B. Zel’dovich, who stud-
ied the broadening of shock waves on account of the
retarded excitation of vibrations.!® The present paper
is a sequel to the well known article by Ya. B. Zel’do-
vich and Yu. P. Raizer,!? and is devoted to the consid-
eration of the nonequilibrium phenomena that accom-
pany the propagation of shock waves in gases.

2, QUALITATIVE PICTURE OF THE PROCESSES
OCCURRING IN A SHOCK WAVE

A shock wave is a layer of definite thickness sepa-
rating two equilibrium states of a gas. By an equilib-
rium state we mean a state of complete statistical
equilibrium, which means equilibrium among all de-
grees of freedom, including equilibrium between
atoms, molecules, electrons, and ions. Under some
conditions a state of complete statistical equilibrium
in a shock tube is not attained even at the surface of
contact. In this connection it is helpful to introduce
the concept of the front of the shock wave, by which
we mean the zone in which the Maxwellian equilibrium
is established. In this case we can speak of the non-
equilibrium processes occurring behind the front of a
shock wave. We are justified in distinguishing the
front of a shock wave by the fact that for processes
behind the front we can introduce the concept of tem-
perature. The passage of the gas from one equilibrium
state to another which is caused by the shock wave is
a complex process, consisting of separate and often
overlapping processes of establishing of equilibrium
in the different degrees of freedom. Owing to this it
will be helpful to preface the survey of the experimen-
tal study of these processes with a theoretical exami-
nation of the general picture of the excitation of the
various degrees of freedom. When we have a prelimi-
nary set of relaxation times corresponding to the vari-
ous degrees of freedom, we can try to separate the
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individual stages in the general process of the estab-
lishing of equilibrium and to study eachinisolation. At
temperatures nothigher than 10,000°K the main proc-
esses that lead to the establishing of thermodynamic
equilibrium are processes of the transfer andtransfor-
mation of energy in molecular collisions. The sequence
of the excitations of the various degrees of freedom of
emission of light can be neglected. The sequence of
the excitations of the various degrees of freedom of
the molecules is determined by the numbers of colli-
sions needed for the excitation of the various degrees
of freedom. The number of collisions needed for the
excitation of any particular degree of freedom of a
molecule depends on the probability of the transfer t
or transformation of the energy in a collision. The
calculation of the probabilities for the transformations
of energy is made by quantum-mechanical methods,
and in doing so one can treat the relative translational
motion of the colliding molecules classically.’® This
justifies the use of classical concepts of the number
of collisions and the time of free motion along with
the quantum -mechanical probabilities.

As is well known, the most rapid process is that
of energy transfer between translational degrees of
freedom, which occurs in a time of the order of the
mean time between collisions. This process leads to
the establishing of the Maxwell distribution. As we
shall see hereafter, all of the other degrees of free-
dom are excited much more slowly. This gives us
the right to average our probabilities for the trans-
formations in inelastic collisions by using the Max-
well distribution, i.e., to use the idea of a temperature
of the translational degrees of freedom.

The excitation of the internal degrees of freedom
of the molecules is 2 much more complicated process.
We can get a qualitative understanding of the charac-
ter of the process of excitation of the internal degrees
of freedom if we use the following model: we regard
the molecule as a classical oscillator, and treat the
collision process as the action of an external force
on the oscillator. In this case it is well known?®3 that
the effectiveness of an inelastic collision, i.e., the
amount of energy transferred in the collision, is de-
termined by the value of wr, where w is the frequency
of the oscillator and T is the duration of the collision.
In the case wT > 1, which corresponds to almost adia-

batic collisions, the amount of energy transferred in -
a colligsion is small; in the opposite case wT « 1, cor-
responding to strongly nonadiabatic collisions, excita- -

tion of internal degrees of freedom can occur relatively
easily. These results remain valid also in quantum
theory, except that in this case we must use AE/H in-
stead of w. In the case of vibrational degrees of free-
dom wt > 1, and therefore some tens of thousands of
collisions are required for the excitation of the molec-
ular vibrations. (This number can vary considerably,
depending on the temperature and other conditions. )
For rotational degrees of freedom w7 « 1 (the light
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gases are the only exceptions ), and therefore the exci-
tation of rotation occurs relatively easily, in a time of
the order of ten collisions.

The first quantitative calculation of the probability
of excitation of vibrational degrees of freedom, based
on these ideas, was made by L. D. Landau and E.
Teller.?® As has been proved recently,? their values
of the probabilities agree exactly with the results of a
consistent quantum-mechanical calculation.185170 The
probability of excitation of the vibrational energy is of
the form

P ~ exp (— 2not),

where w = AE/H, 7=a/v, and a is the mean radius
of the intermolecular interaction. After averaging over
the Maxwell velocity distribution this formula takes the
form

P»'\.,exp(_-.'ix)Y x=<_w2_l‘ \1/8_

syl (2.1)

For various gases at room temperature x variesi™

over the range from 5 to 10. The expression (2.1) is
known in the literature as the Landau-Teller formula.
The slowest processes of establishing equilibrium
are those associated with dissociation and ionization.*
This is explained by the fact that dissociation and ioni-
zation of molecules can occur only in cases in which
the colliding molecules have a sufficient supply of en-
ergy. Since such molecules are in the tail of the Max-
well or Boltzmann distribution, there are only a few
of them, and consequently the process of the establish-
ing of the equilibrium dissociation and ionization will
go very slowly. The upper limit for its rate, i.e., for
the probability of such processes, will be determined
by the equilibrium number of molecules possessing
the necessary energy E; that is, the probability of
dissociation in a collision satisfies the relation

Py~ exp(— kI;T,. .

Since under ordinary conditions E/kT > 1, we have
Pp « P. This means that the process of establishing
the equilibrium dissociation and ionization will occur
more slowly than that of establishing equilibrium in
the vibrational degrees of freedom.

Thus the sequence of processes of excitation of the
various degrees of freedom, i.e., the sequence in which
equilibrium is established in the various degrees of
freedom, is as follows. First, after a time of the order
Ty, excitation of the translational degrees of freedom
will have occurred and the Maxwell distribution will
be established. Then, after a time T,, rotational
equilibrium will be established, and after a time T3,
vibrational equilibrium.

The slowest processes are those of establishing the
equilibrium degree of dissociation (relaxation time 7})
and of ionization (relaxation time 77 ).

*It is assumed that kT < D, where D is the dissociation en-
ergy.
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Thus under actual conditions for pure gases the
following inequality can be satisfied:*

T, A Ty & Ty Ty T

This relation decidedly simplifies the experimental
study of the processes and facilitates the theoretical
treatment of the problem, since each of the various
processes can be considered in isolation, with the
assumption that the preceding process has been com-
pleted and that the next one has not yet started.’® We
emphasize that this sort of distribution of the values
of the relaxation times for the various processes is
characteristic only of pure gases at not too high tem-
peratures. In mixtures this sequence of relaxation
times may not hold. For example, in air?® the vi-
brational relaxation time for N, is of the same
order as the time for establishing the equilibrium
degree of dissociation for O,.

3. THEORETICAL EXAMINATION OF THE INDIVID-
UAL PROCESSES LEADING TO THE ESTABLISH-
ING OF EQUILIBRIUM

3.1. Establishing of the Maxwell Distribution. The
first attempts at atheoretical determination ofthe thick-
nesses of the fronts of shock waves in monatomic gases
were of a hydrodynamic nature. The thickness of the
front of a shock wave was calculated by means of the
equations of a viscous and thermally conducting me-
dium. The outline of the solution and the results are
presented in detail in references 19 and 24. It follows
from this solution that for strong shock waves the
thickness of the front is of the order of the mean free
path. This result shows mainly that the thickness of
the front of a strong shock wave cannot be determined
by hydrodynamical methods. As is well known, the
equations of hydrodynamics are valid when the changes
of macroscopic quantities over a distance of a mean
free path are small, but this condition is not satisfied
in the case of strong shock waves. The derivation of
the hydrodynamic equation in the kinetic theory of
gases is based on the solution of Boltzmann’s kinetic
equation by the Enskog-Chapman method; therefore
to determine the thickness of the front of a strong
shock wave it is necessary to start directly from the
Boltzmann equation. The usual methods for solving
the Boltzmann equation are based on perturbation
theory, with the Maxwell distribution function taken
as the zeroth approximation. The Enskog-Chapman
method is of this sort, and the method of moments is
also usually applied in this sort of approximation.
These methods are not valid for the description of
the structure of the front of a strong shock wave,
since the shock wave leads to a violent disturbance
of the state of the gas. To describe the structure of
the front in a strong shock wave one needs a method
which would take into account the finiteness of the

*Concerming the condition T, > 1, cf. Sec. 6.2.
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perturbations in the very first approximation. Such

a method for the solution of the Boltzmann equation
has been proposed by Mott-Smith.!¢ His arguments
are as follows. Since the thickness of the front of the
shock wave is of the order of the mean free path, we
can expect that the front of the shock wave is partially
penetrated by considerable numbers of molecules from
the supersonic and subsonic streams, which obey the
Maxwell distribution. This suggests that a character-
istic feature of the velocity distribution in the front of
a strong shock wave is that there are two maxima, de-
termined by the temperatures of the supersonic and
subsonic streams. On the basis of these arguments,
Mott-Smith proposed taking as the first approximation
to the solution of the Boltzmann equation a sum of two
Maxwellian functions, which in the one-dimensional
case is of the form

fO = wg (2) fu+vp (2) fpr

where f, and fg are Maxwellian functions correspond-
ing to the supersonic and subsonic flows, and vy (x)
and uﬂ(x) are the densities of the supersonic and sub-
sonic components, referred to the densities of the un-
perturbed gas in the supersonic and subsonic regions,
respectively. As can easily be seen, the expression
(3.1) is not a solution of the Boltzmann equation, and
therefore to determine the unknown functions v (x)
and vg(x) Mott-Smith used the transport equation.

It follows from the solution of the transport equation
that

3.1)

ve(z)=v(—12z), vpg(z)=v(z), v(x)s%(1+th2X—1).(3.2)*

The origin of coordinates is at the center of the
front of the shock wave. The form of the function X
is determined by the choice of the transport function.
Later, in references 165 and 166, it was shown that a
function X can be found such that for large numbers
M the expression is a solution of the Boltzmann equa-
tion in a finite domain in velocity space. As can be
seen from Eq. (3.2), the width of the shock is deter-
mined by the value of X. For the rigid-sphere model
the calculated values of X are (for various values of
the number M)

M o 10 5 4 3 2.5
/X 0,703 0.685 0,630 0.596 0,520 0,474,

where I = (2¥2 ma0?)! is the mean free path in the
unperturbed supersonic flow.

Thus for large M the shock front thickness is about
twice the mean free path in the unperturbed gas. Ex-
perimental studies of the shock thickness are in good
agreement with the theory of Muckenfuss (see refer-
ence 119), which is based on the use of a bimodal dis-
tribution (see Sec. 6.1). A direct comparison of the
experimental data!!® with the results of Mott-Smith is
difficult; the latter results are good only for large
numbers M.

*th = tanh.
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The process of establishing the Maxwell distribution
in a gas mixture is rather complex. In particular, in a
binary mixture of a heavy gas and a small amount of a
light gas the process of establishing the Maxwell dis-
tribution will occur in two stages. First, during a
time of the order of the mean time between collisions,
the Maxwell distribution is established in the heavy
gas. Then there begins the process of establishing
the Maxwell distribution in the light gas, and the re-
laxation time of this process is M/m times that of
the first process (M is the mass of the heavy gas).*
In the case when the concentration of the light gas is
not low, the fast process will lead to each of the gases
having its own Maxwell distribution. The slow proc-
ess will consist of equalization of the temperatures of
the two distributions, that is, the establishing of a
single Maxwell distribution.

3.2. Establishing of Equilibrium in the Vibrational
Degrees of Freedom (Vibrational Relaxation). The
theory of vibrational relaxation has been much more
completely developed than the theory of rotational re-
laxation. Since the latter theory is largely constructed
on the model of the former, we shall first consider
the theory of vibrational relaxation.

Let us begin with the study of the simplest case—
the vibrational relaxation of a small amount of dia-
tomic gas mixed with a large amount of monatomic
gas. This case is especially convenient for theoretical
and experimental treatment, since the vibrational re-
laxation in such a mixture does not lead to any appre-
ciable change of the temperature of the translational
degrees of freedom and the main process leading to
the relaxation is the conversion of kinetic energy of
the atoms into vibrational energy of the molecules. In
this case we can neglect the collisions of the mole-
cules with each other. The system of equations that
describes the vibrational relaxation is the system of
equations of balance for the numbers of molecules in
the various vibrational levels. If we denote by xn(t)
the concentration of molecules in the n-th vibrational
level, this system takes the form

L0 2(3) Ppat— 3, an}

mEn m#En

(3.3)

where Z is the number of collisions per second expe-
rienced by a molecule and Pjj is the probability for
transition of a molecule from the i-th to the j-th
state in a collision with an atom. The probability Pjj
is given by the formula (2.1). Because of the exponen-
tial dependence of Pjj on the energy AEjj the only
transitions that are permitted in practice are those to
neighboring levels. This statement is true up to tem-
peratures of the order of the characteristic tempera-
tures.

Thus the system (3.3) can be written in the form

dzy,
at {Pm-l.nxnd

—{Pn, a1 + Py, niil Ty + Py n oy} n=0,1, 2,... (3.4)
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The concrete form of Pp,, depends on the molecular
model chosen.* The simplest model that gives a suf-
ficiently accurate description of the behavior of the
molecules in the lower vibrational levels is the har-
monic-oscillator model. For the oscillator?

pn+l,n:(n+1)P1m (3-5)
and the system (3.4) takes the form
T 2P E 1) e — [ 1) e Rl 2 4 me T, ),
Py =Prget, =12 n=0,1,2,... (3.6)

The initial conditions for (3.6) are given in the form
xn(0) = f,(0). We emphasize that the system (3.6) will
describe satisfactorily only those characteristics of the
actual relaxation process that are associated with the
lower vibrational levels. The solution of the system
(3.6) completely determines the process of vibrational
relaxation of harmonic oscillators. In a macroscopic
study of the relaxation process one is interested not in
the changes of the numbers of molecules in individual
levels, but in the changes of certain macroscopic char-
acteristic quantities, in particular the vibrational en-
ergy.

We can obtain the relaxation equation for the vibra-
tional energy from the system (3.6) without solving this
system. Let us multiply Eq. (3.6) by hwn and sum
over n. After some simple manipulation we get the
following equation:

.

where E = HwZnxy(t). The last term in the curly
brackets is the equilibrium value Egq of the vibra-
tional energy. One can readily verify this by writing
it in the form

e Phe
1—e—8

dE

= —LP(l—eh) { B~

(3.7)

ho —- —5 =ho(l—e7F) > ne=ms,
1—e
Thus the relaxation equation for the vibrational energy
is
dE

= L (E— Ee) (3.8)

dt

where
1

T= .
ZP3, (1—e™

This is the general form of the relaxation equation for
any macroscopic parameter which characterizes the
lack of equilibrium at small deviations from equilib~
rium. For the oscillator itself this equation is valid
for arbitrary deviations from equilibrium. Replace-
ment of the system (3.6) by the equation (3.8) means
that the picture of the changes of the numbers of mole-
cules in the vibrational levels is left obscure. In fact,
the solution of Eq. (3.8),

*The model determines the proportionality constant in Eq.

(2.1), which depends on the square of the matrix element of an in-
tramolecular coordinate.
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E(t)—Eeq =(E(0)—Feq Jexp[ —7% | (3.9)

depends only on the total vibrational energies at the
initial and final times and does not depend on the way
the molecules are distributed over the vibrational
levels for a given value of the total vibrational energy.
It is seen from Eqgs. (3.8} and (3.9) that the relaxation
time of the total energy is

1

This quantity is experimentally measurable. A com-
parison of the theoretical and experimental values of
P,y for various gases at temperatures 300 — 600°K
has been made in reference 170 and is discussed in
Sec. 6.3.

Except in a few cases, the agreement is very good.
In recent years studies have been made on vibrational
relaxation in shock tubes at higher temperatures
(Sec. 5). In particular, in reference 77 the vibrational
relaxation of O, has been studied up to the tempera-
ture 3000°K. The values of P, found in this way agree
with the values of Schwartz and Herzfeld, which were
calculated earlier and subsequently corrected; 170,123

Tempoerature, P10exp Plotheor
K

288 4.10-8 4-10-8

900 1.1.1075 1.2-107%
1200 2.4.1078 5.2-10°8
1800 9.8.1075 3.4.1071
2400 3.7-10°¢ 2,2:1073
3000 1.2-1073 61073,

We emphasize that as the temperature is changed from
300°K to 3000°K the value of Py, changes by five or-
ders of magnitude, with agreement between the experi-
mental and theoretical data over the entire temperature
range. This is a good confirmation of the theory of
vibrational relaxation which has been presented.

For an analysis of the microscopic picture of the
process of establishing equilibrium it is necessary to
start with the general solution of Eq. (3.6).

Before we develop the methods for finding the gen-
eral solution, let us consider a particular solution
which is of great practical importance. Suppose that
at the initial time the distribution of the oscillators
over the vibrational levels is a Boltzmann function
with a temperature different from the temperature of
the translational degrees of freedom of the gas. This
sort of initial condition is typical of the gas behind
the front of a shock wave, if by the front we mean the
zone in which the establishing of the Maxwell distribu-
tion occurs. Immediately behind the front of the shock
wave the translational temperature has already taken
a new value, but the vibrational temperature still has
its old value, equal to the translational temperature of
the unperturbed gas in front of the shock wave.

Thus

2, (0) = (1 — e~ %) g~n0o,
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We look for a solution of the system of equations (3.6)
in the form

2, () = (1 — e=9D) g=n0(0), (3.11)
where

0 (0) = B,
Substituting Eq. (3.11) in Eq. (3.6), we get only one
equation

9 _ 2P, (1 —e-?)[e=? — 9] ed. - (3.12)

a =

The solution of Eq. (3.12) is

_t 1
=00y __ B q_ -
B (1)=1In | e el d—eT )

e T (t—cd B0y (1ot

Thus in the special case of the initial conditions (3.10)
the process of establishing equilibrium in the vibra-
tional degrees of freedom occurs in such a way that
the distribution function keeps its original form and
only the temperature changes. We emphasize that this
assertion is valid only for the model of the harmonic
oscillator. An analogous case is also encountered in
the establishing of the Maxwell distribution.*® We note
that in the case of the initial Boltzmann distribution
the process of establishing the equilibrium populations
goes on simultaneously in all of the levels. For other
initial conditions this synchronism can be destroyed.
In particular, if the initial distribution is of the & type,
corresponding to one of the first levels, the process of
populating the upper levels will be delayed relative to
that of populating the lower levels.

The general solution of (7) is of the form

o (1) = 2 Au, 1, () e,

where pi and In(pi) are the eigenvalues and eigen-
functions of the matrix of the coefficients of the sys-
tem (3.6). It is shown in reference 145 that uj

= —ZPyp(1 -e 9)i and {n(ui) are Gottlieb polyno-
mials.

It is more convenient, however, to solve (3.6) by
the generating-function method. We introduce the
function G (z, t) = £z%%,(t). Multiplying (3.6) by
zI' and summing over all n, after simple manipula-
tions we get the equation for the generating function,

%%:_:(Z—i)e—a {-‘;—f[(z—1)+(1—69)+c]}» k=ZP.

The solution of (3.13) is of the form

t
] - ] b
Gz, 1) = —2=¢ 160<(“*““ et ”), (3.14)

(c—eb—(z—1)e T —1)e T —(z—eh

where the function Gy(y) is determined by the initial
conditions

GO (y) = G (y7 O) = 2 ynxn (0)
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A detailed treatment of the solutions that correspond
to various initial conditions is given in reference 145.

Up to now our treatment has been confined to sys-
tems in which diatomic gases are present only as
small amounts of impurities. The guestion arises as
to how vibrational relaxation will occur in a system
composed entirely of diatomic molecules. In a system
with a small amount of a diatomic gas the main process
in the relaxation is the conversion of energy of transla-
tional motion of the surrounding gas into vibrational en-
ergy of the molecules. In relaxation in a system en-
tirely composed of diatomic molecules, besides the
process just indicated there is also a process of trans-
fer of vibrational energy in collisions between two mol-
ecules. Moreover, in the relaxation process in such a
system the temperature of the translational degrees of
freedom does not stay constant, but decreases. Refer-
ences 48 and 173 are devoted to the study of the part
played by the process of transfer of vibrational energy
in establishing equilibrium. The effect of the changes
of temperature has been studied in reference 121. It
is shown in reference 48 that in an isolated system of
diatomic molecules the process of establishing equi-
librium in the translational degrees of freedom occurs
in two stages. As the result of the first, rapid stage
the available vibrational quanta are redistributed among
the molecules in such a way as to establish a quasi-~
stationary Boltzmann distribution with the temperature
determined by the original supply of vibrational quanta
and independent of the other initial conditions.

In the second, slow stage of the process there be-
gins the conversion of translational energy into vibra-
tional energy, which results in the evolution of the
guasi-stationary distribution into the equilibrium dis-
tribution; in this stage the distribution maintains the
Boltzmann form and only its temperature changes. The
entire treatment has been carried out for the harmonic-~
oscillator model. Under usual experimental conditions
the gas before the front of a shock wave is in an equi-
librium state. Consequently the initial condition for
the vibrational equilibrium is a state of the gas for
which one can speak of two temperatures correspond-
ing to the translational and vibrational motions. Since,
according to the foregoing discussion, the relaxation
process occurs in such a way that the temperature of
the vibrational motion always has a meaning (the form
of the Boltzmann distribution is maintained), in this
case processes involving transfer of vibrational quanta
are of no importance. Thus one can discuss the relax-
ation of the vibrational motion in an isolated system of
molecules without taking into account processes of
transfer of vibration.

As is shown in reference 121, the decrease of the
translational temperature in the process of vibrational
relaxation leads to an increase of the relaxation time.
This is due to the fact that Py, which determines the
relaxation time (3.8), becomes a decreasing function
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of the time. In this case Eq. (3.9) is not the solution
of Eq. (3.8).

Up to now our discussion has been confined to pure
diatomic gases and mixtures of diatomic and mona-
tomic gases. The case of a mixture of diatomic gases
is also of practical interest. As is well known, air is
such a mixture. The vibrational relaxation time of a
gas mixture is an over-all characteristic of the mix-
ture. In particular, if both gases, A and B, possess
vibrational degrees of freedom and there is no trans-
fer of vibrational quanta between them, the relaxation
time T of the whole mixture is practically determined
by the larger of the relaxation times of the vibrational
motions of the two components taken separately. An
exchange of vibrational quanta can change the value of
7. Since the characteristic time associated with the
exchange of vibrations is usually shorter than the
larger of the relaxation times for the vibrational mo~
tions of the individual components, the value of 7 will
be determined either by the smaller of the relaxation
times for the vibrational motions of the separate com-
ponents or by the characteristic time associated with
the transfer of vibrations.*

3.3. Establishing of Equilibrium in the Rotational
Degrees of Freedom (Rotational Relaxation). The
theory of rotational relaxation of the molecules is con-
structed in analogy with the theory of vibrational re-
laxation, but not much success has been achieved in
this way.

Since the rotational relaxation time of the mole-
cules is larger (or much larger) than the time for
establishing the Maxwell distribution and much smaller
than the vibrational relaxation time, there is justifica-
tion for taking as the model of the rotating molecule
the rigid-rotator model and assuming that the speeds
of translational motion of the centers of mass of the
molecules obey the Maxwell distribution. The sim-
plest case of rotational relaxation is that of a system
consisting of a monatomic gas with a small admixture
of rotators. To get qualitative results one naturally
assumes, in analogy with the case of the harmonic
oscillator, that in the collision of a rotator with an
atom the only allowed transitions are those between
adjacent levels. This assumption is justified for light
molecules?®:1%:11 and is not valid for heavy ones. In
this case the relaxation equations are analogous to
those for vibrational relaxation, Eq. (3.6). A detailed
derivation of these equations and a discussion of
methods for their solution are given in reference 120.
The results obtained in that paper are not encouraging.
The theoretical value of the rotational relaxation time
obtained for N, and O, is about two orders of magni-
tude larger than the experimental value. The cause
of this large discrepancy lies in the fact that the es-
tablishing of rotational equilibrium occurs not by way
of successive transitions between adjacent levels, but
more rapidly. This effect finds its natural explanation
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in the nonadiabatic character of the collisions that are
accompanied by rotational transitions.

The next step is the construction of a theory that
would take into account the possibility of many-quantum
transitions in the rotational excitation. For many-step
transitions the quantization of the rotations becomes
unimportant and the problem can be formulated in
terms of classical mechanics. One of the possible
formulations of the problem is as follows. First one
determines from a classical treatment of the collision
of a rotator with some other particle the amount of in-
crease of the rotational energy, which is then averaged
over the Maxwell velocity distribution and over all pos-
sible orientations of the colliding particles. The ratio
of the average amount of rotational energy per rotator
in the equilibrium state to the increase so found can
serve as a characteristic time for the establishing of
rotational equilibrium. Such a program has been car-
ried out in reference 149. If we define the number of
collisions required to establish rotational equilibrium
in the gas (Zpgt) as the ratio of the time of rotational
relaxation to the mean free time, we get from refer-
ence 149 the following expression for Z,.:

oo
Zrot

Zrot: s (3 . 15)

3 1
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where Zg: = Y5 (ad/€)?, a™! is the effective radius
of action of the intermolecular forces, d is the inter-
nuclear distance in the molecule, and € is a parameter
characterizing the asymmetry of the intermolecular in-
teraction that is responsible for the excitation of rota-
tional states. This result may make it possible to un-
derstand certain anomalies in the variation of the thick-
ness of the front of a shock wave with the temperature.149

A theoretical calculation of Zyo¢ for Cly, N,, and
O, has been made in reference 149. This paper also
gives an analysis of the available experimental data.

The final results are in satisfactory agreement with
the experimental and theoretical data (see Sec. 6.2).
It must be remembered, however, that the theoretical
approach that has been explained is a qualitative one
and does not answer the question of the behavior of
the distribution of the rotators over the rotational
levels and of the roles of various collisions in the
process of establishing the rotational equilibrium.

A somewhat more quantitative approach to the study
of this problem has been indicated in reference 189.

3.4. Establishing of the Equilibrium Degree of Dis-
sociation. In studying the process of establishing the
equilibrium degree of dissociation it is necessary first
of all to understand the mechanism of the thermal dis-
sociation of diatomic molecules. As is well known, the
thermal dissociation of diatomic molecules occurs as
the result of binary collisions of molecules. The num-
ber of collisions that lead to dissociation is only a
small fraction of the total number of collisions. Two
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main questions arise in this connection: first, what
conditions the colliding must molecules satisfy in order
for dissociation to occur, and second, how often these
conditions are realized in the system in which the re-
action is going on. The so-called elementary theory
of collisions®® solves these questions in the following
way: it is assumed that there is a probability « for
dissociation of those colliding molecules whose energy
(the energy of the internal degrees of freedom plus the
kinetic energy of the relative motion along the line of
centers) is not smaller than the dissociation energy.
The dissociation probability « is assumed not to de-
pend on the other characteristics of the initial state of
the colliding molecules and is subsequently determined
from experiment. The second question—how often the
conditions necessary for dissociation are encountered
—is answered by the elementary theory of collisions
on the assumption that the process of dissociation does
not disturb the equilibrium distribution of the mole-
cules over the energy levels.

The results obtained in this way are not in contra-
diction with the experimental data, but from the theo-
retical point of view the solution of the problem is not
a consistent one, since there is a certain arbitrariness
in both of the main points of the theory. The probabil-
ity « that appears in the theory of collisions should
essentially be calculated as a function of the initial
state of the colliding molecules. These probabilities
in turn should determine the distribution of the mole-
cules over the energy levels as the solution of the
gas-Kinetic equations. Furthermore one cannot say
in advance under what conditions and to what extent
this distribution will be an equilibrium distribution.

In this connection the problem arises of a rigorous
formulation of the gas-kinetic equations which de-
scribe the process of dissociation. In accordance with
references 20 and 22, we assume that the main, though
not the only, mechanism of dissociation is the transi-
tion of molecules from discrete vibrational states to
continuous states. The probabilities of such transi-
tions have been studied in reference 45, where it is
shown that dissociation can occur only as the result

of transitions of molecules from highly excited vibra-
tional levels to the continuous spectrum. Transitions
from lower levels are practically forbidden. This re-
sult can also be obtained qualitatively from the Landau-
Teller formula (2.1). Because of the exponential de-
pendence of the probability P on AE the probability

P will be different from zero practically only for tran-
sitions from highly excited levels.

These arguments enable us to write down uniquely
the system of gas-kinetic equations that describes the
process of dissociation. This system of equations will
be analogous to the system that describes the vibra-
tional relaxation, the only difference being that in the

upper levels therewill be the effect of a negative source,

which describes the process of breakup of molecules
into atoms.
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Just as in the case of the vibrational relaxation, we
at first suppose that the dissociating gas is present as
a small admixture in a monatomic gas.

In this case the kinetic equations are of the form

dz ]
—dTn = Z{Prnl, nLne1r — [Pn, n41+Pn,n+l] xh+Pn-1, nxnd}’
n=0,1,...,k—1,
dx 7
20 =2 Pyt — [Prg+ P i) 0t Py, @iy
1 dzg
f‘TZZ{pkd‘zk"pdkxfi}:

(3.16)

where ZPgx} is the number of molecules formed per
second by recombination of atoms, and l/zxd is the
number of molecules that are in the dissociated state
(the initial number of molecules is taken to be unity).
The number k denotes the level from which dissocia-
tion occurs.

The solution of the system (3.16) in the general
case involves great difficulties, since this system de-
scribes two processes—the vibrational relaxation and
the establishing of the equilibrium dissociation. As
has been shown in Sec. 2, the relaxation times of these
processes are different, and this makes it possible to

'simplify the solution of the problem decidedly. Since

we are interested in the slow process, the establish-
ing of the equilibrium dissociation, we can omit treat-
ment of the fast process, the vibrational relaxation,
and assume that at each time there is a certain quasi-
stationary distribution of the molecules over the vibra-
tional levels, which is determined by the value of the
reaction rate at this same time.

The evolution of this quasi-stationary distribution
(i.e., the slow process of the establishing of the equi-
librium dissociation) determines the rate of disso-
ciation.

The presence of these two different processes in
the establishing of the equilibrium dissociation can be
observed experimentally®31:128 (cf, Sec. 5.2).

By using these considerations we can rather simply
find the distribution of the molecules over the vibra-
tional levels during the process of dissociation and
calculate the rate of dissociation kgjg = 1/2dxd/dt.

It turns out3% %58 that the distribution function of the
molecules in the upper vibrational levels during the
process of dissociation differs markedly from the equi-
librium distribution, and this has a decided effect on
the process of dissociation. In reference 57 an explicit
expression is found for the rate of dissociation; in the
temperature range above the characteristic tempera-
tures the expression is

7o (D 1,5
kT J

D
kdiszzpav\bj exp‘\/—ﬁ), (3.17)
where D is the dissociation energy, hw is the largest
vibrational quantum, and Pyy ~ Pg_y k.

For a comparison of Eq. (3.17) with experimental
data it is necessary to take into account the influence
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of the rotational and electronic degrees of freedom of
the molecule. As has been shown in reference 39, the
averaging of the rate constant kdis over all the rota-
tional states of the molecule being dissociated leads

to the appearance of an additional factor gpqot > 1 in
the right member of Eq. (3.17). This is due to the fact
that the effective dissociation energy of a rotating
molecule is diminished owing to the action of centrifu-
gal forces. The effect of the electronic degrees of
freedom is included®® by introducing a factor gl
equal to the statistical weight of the stable electronic
states that converge to the same dissociation energy
D, in the right member of Eq. (3.17).

The formula (3.17) is derived on the assumption
that the molecules that dissociate are a small impurity
in a monatomic gas. An example of such a reaction is
the dissociation of bromine, Bry, + A — 2Br + A, which
has been studied in a shock tube at temperatures up to
2000°K.1® The experimental rate constant of the dis-
sociation is given by

k=6.1072 Z0<](£T>1.97 exp(—— %) .

where Z, is the number of collisions per second ex-
perienced by a molecule in the ground state.

The theoretical value of k obtained in reference 39
is of the form

ka5 1()-27,0(%)“5 exp <—k—[; :

As is easily seen, the expressions (3.18) and (3.19)
agree in order of magnitude.

Up to now we have confined ourselves to the discus-
sion of the dissociation of diatomic molecules that form
a very small impurity in a monatomic gas. The ques-
tion arises as to how the rate of dissociation is changed
if we replace the surrounding monatomic gas by disso-
ciating diatomic molecules, i.e., consider dissociation
in a system of one kind of molecule. In the dissocia-
tion of diatomic molecules in the medium of a mona-
tomic gas the main process is the conversion of energy
of translational motion of the monatomic gas into vibra-
tional energy of the molecules. For dissociation in a
system of a single gas the collisions between molecules
lead not only to this process, but also to processes of
transfer of vibrational and rotational energy. The first
process has been studied in reference 49, the second
in reference 40. The process of transfer of vibrational
energy in collisions increases the dissociation rate
constant. The physical reason for this effect is clear.
As already stated, in the process of dissociation a
quasi-stationary distribution of the molecules over the
vibrational levels is established, which for the upper
levels differs considerably from the equilibrium dis-
tribution. The rate of dissociation is determined by
the rate at which molecules are brought from low vi-
brational levels to high ones. Because of their rela-
tively high efficiency, processes of transfer of vibra-
tional energy considerably increase the rate at which

(3.18)

(3.19)
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molecules are got into the higher levels, and this leads
to an increase of the rate of dissociation. A quantita-
tive calculation of this effect shows*? in the case of the
“‘cut-off’’ oscillator model for the molecule that the
rate of dissociation in the pure gas exceeds that in the
medium of a monatomic gas by a factor @ = Q3/Pyy
(Qqy is the probability of transfer of a vibrational
quantum in a collision between oscillators in the
ground and first excited states). Over the tempera-
ture range from 288°K to 1800°K the value of « for
0, varies from 5 x 10 down to 10.

Thus the effect of transfer of vibrations is effective
mainly at low temperatures, and can be left out of ac-
count in the high-temperature region. Generally speak-
ing the results obtained are of a qualitative character,
since the use of the ‘‘cut-off’’ oscillator model does
not take anharmonicity into account. In the case of
polyatomic molecules, however, for which thermal
dissociation occurs with a change of the multiplicity,
the interaction potential along the bond being broken
is well enough approximated by the cut-off harmonic
oscillator. This is true in particular for the dissoci-
ation of N,O into N, and O. In this case the results
obtained above can claim to give a quantitative descrip-
tion of the process.

The effect of processes of transfer of rotational
energy on the dissociation rate constant has been
studied in reference 40 for the case of the molecule
0,.

It was shown®? that besides the process of conver-
sion of translational energy into rotational energy in
the collision of two molecules it is necessary to take
into account also the simultaneous process of conver-
sion of part of the rotational energy of the molecule
not being dissociated into vibrations of the molecule
that gets dissociated. Inclusion of this effect leads to
a temperature-independent increase of the dissociation
rate by a factor of about 20.*

The experimental data (Sec. 6.4) show that the rate
of dissociation in a single-gas system is larger than
the rate of dissociation of the same molecules in a
medium of a monatomic gas.

In giving the theory of thermal dissociation we have
confined ourselves mainly to a survey of the work of
Soviet authors. This is due to the fact that the ap-
proach to this problem in references 89 and 160 is
subject to some objections. A detailed analysis of
these papers is given in references 58, 40, and 41.

3.5. Establishing of the Equilibrium Degree of Ioni-
zation. Among all the relaxation processes considered
in this review, the process of establishing the equilib-
rium ionization is the one that has been studied least.
Existing experimental datal3®»147%:153 gpaple us to esti-
mate the time for the establishing of the equilibrium
ionization behind the front of a shock wave, but the
physical processes that lead to this are not completely

*More accurate calculations which we have made show that
this estimate is much too high.
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clear.8:15 In the analysis of the vibrational relaxa-
tion and the dissociation the quantum-mechanical side
of the phenomena has been sufficiently well known, and
we have investigated the statistical picture of the
phenomena.

The situation is much worse in the field of ioniza-
tion kinetics. The main elementary processes that
lead to ionization in shock waves are known: photo-
ionization and ionization by electron and atomic colli-
sions. There are, however, no complete quantum-
mechanical calculations on these interactions. This is
particularly true of the last-named mechanism. The
main difficulty here is that the experimental values of
the probabilities for electronic excitation and ioniza-
tion in atomic collisions unambiguously indicate that
these are nonadiabatic processes. The nature of the

departure from adiabatic character is as yet not clear.

An interesting attempt to interpret the lack of adia-
batic character of these processes has been made in
reference 44. The absence of quantum-mechanical
calculations is naturally an obstacle to statistical
calculations. Owing to this, at present the theory of
the process of ionization in a shock front is mainly

a set of qualitative arguments, closely associated with
the experimental work.

The case that has been studied best is the kinetics
of the ionization of argon.* A monatomic gas is most
favorable for the study of ionization, since there is no
dissociation nor other chemical reaction, and the time
for establishing the Maxwell distribution is much
shorter than that for establishing the equilibrium ion-
ization. In the experiments of Petschek and Byron!®
the speed of the shock waves corresponded to M ~ 18,
and in equilibrium the gas behind the shock wave
reached a temperature of 14000°K and was 25 percent
ionized. The time for the establishing of equilibrium
in this case was ~ 10 usec (see Sec. 5.5).

The main elementary process leading to ionization
is electron-atom collision. The cross section for this
process is much larger than that for ionization by
atom-atom collision, and therefore when there is a
sufficient number of electrons the latter process can
be neglected. This allows us to regard the process
of ionization behind a strong shock wave in argon as
occurring in two stages. In the second stage ioniza-
tion by electron-atom collisions is the dominant proc-
ess. The first stage will be discussed later. To de-
termine the rate of ionization in the second stage we
must calculate, first, the rate at which the electrons
receive energy through elastic collisions, and second,
the rate at which they lose energy in ionizing colli-
sions. Then we must write the equation of balance and
find the electron temperature and the rate of ioniza-
tion. The proposed scheme of calculation is greatly
simplified by the fact that in this case we can to a
high degree of accuracy speak of the existence of an
electron temperature and an atomic temperature. In

*The following presentation is based on reference 153.
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fact, owing to the great difference of their masses the
electrons and atoms are energetically well isolated
from each other; they can be regarded as weakly cou-
pled systems. A calculation shows that an electron
needs of the order of 10° collisions with atoms to lose
its energy, but just one collision with another electron
is enough for the establishing of the Maxwell distribu-
tion. Therefore there will be a Maxwell distribution,
and consequently also an electron temperature, if for
each 10° collisions of an electron with atoms there is
at least one collision with another electron. When we
take into account the difference of the effective cross
sections for these collisions, the degree of ionization
required for this is not more than 1078, Generally
speaking, the fact that the electrons and atoms are
energetically isolated is not yet sufficient to assure
the existence of electronic and atomic temperatures.
In fact, the existence of negative and positive sources,
which in this case are due to the disappearance of fast
electrons and production of slow electrons in acts of
ionization, can cause the quasi-stationary distribution
in the system to differ from the equilibrium distribu-
tion. In the present case, however, this difference is
not appreciable. As has been shown in reference 155,
a negative source can lead to disturbance of the Max-
well distribution in cases in which it acts in the energy
range E < 3kT. In the case in question E ~ 15.7 ev
(the ionization potential of argon), i.e., E > kT. On
the other hand, the production of slow electrons in the
acts of ionization, though it can indeed lead to a local
disturbance of the Maxwell distribution in the low-
energy region, will not affect the tail of the Maxwell
distribution, which determines the rate of ionization.
The calculation of the rate of ionization by this
program has been made in reference 153. This paper
also makes a comparison of the measured value of the
time for establishing equilibrium with the calculated
value of the rate of ionization. The results of the cal-
culation show that it is necessary to assume the ex-
istence of an initial ionization amounting to about a
tenth of the equilibrium degree of ionization of the
gas. It is not clear what the processes are that lead
to the appearance of the initial ionization, i.e., the
processes in the first stage of the ionization. Attempts
to explain the initial ionization by processes of ther-
mal ionization in atom-atom collisions or of photo-
ionization have been unsuccessful. Recently there have
been attempts to explain the initial ionization by the ex-
istence of other processes.!’¥® In particular, an at-
tempt has been made® to explain the initial stage of
the ionization by an effect of diffusion of resonance
radiation through the front of the shock wave.

4. FUNCTIONING OF A SHOCK TUBE

At the present time studies of the kinetics of non-
equilibrium phenomena in gases at high temperatures
are made mainly by means of shock tubes. A shock
tube is a convenient device for producing a high tem-




THE STUDY OF NONEQUILIBRIUM PHENOMENA IN SHOCK WAVES

perature in a gas, behind the shock front, under labo-
ratory conditions. A feature of this device is that in
the shock wave propagated in the tube the volume of
heated gas being observed moves at high speed. There-
fore the physico-chemical aspect of the phenomenon
being studied is closely associated with the gasdynam-
ical conditions of the flow of the gas; that is, on one
hand the existence of the gasdynamic flow makes it
possible to produce the high temperature, and on the
other hand the development of the physico-chemical
processes leads in a number of cases to considerable
changes in the gasdynamical parameters of the flow.
Therefore in setting up investigations of the kinetics
of nonequilibrium phenomena in shock waves and in
correctly treating the results obtained one needs a
knowledge of the processes of formation and propaga-
tion of shock waves in shock tubes.

As is well known, the principle of operation of a
shock tube is rather simple: the tube is divided by a
diaphragm into two chambers—a high-pressure cham-
ber, in which there is a cbmpressed gas, and a low-
pressure chamber, which contains the gas to be stud-
ied at a low pressure. After the rupture of the dia-
phragm, at some distance from the place the rupture
occurs the flow of gas from the high-pressure cham-
ber forms a shock wave, which propagates into the
gas to be studied. At the same time a wave of rare-
faction is propagated in the opposite direction in the
high-pressure chamber. *

For solving problems of physical kinetics it is
desirable to have a shock wave moving with constant
speed and accompanied by a one-dimensional and sta-
tionary flow of the gas. The obtaining of these condi-
tions in an actually functioning shock tube requires
a knowledge of the theory of the functioning of a shock
tube. The simplified one-dimensional theory of the
functioning of a shock tube that has been developed up
to the present (cf., e.g., references 110, 152, 157) is
based on a number of assumptions which to some ex-
tent idealize the mechanism of the processes in a
shock tube. According to this theory it is assumed
that the rupture of the diaphragm separating the high-
pressure and low-pressure chambers occurs instanta-
neously, that the shock wave is formed instantly after
the opening of the diaphragm, and that the wave then
moves with constant speed. The flow in the tube is
regarded as one-dimensional, and the gas as an ideal
gas with constant specific heat. Effects of viscosity,
thermal conductivity, and mixing of the gases at the
surface of contact are neglected. '

Actually, however, the processes in a real shock
tube occur in a more complicated way. In this connec-
tion let us note only some well known aspects of the

*A detailed description of the principles of operation of the
shock tube can be found in the review articles 152, 181, and 151,
and also in references 81 and 157. Especially strong shock waves
are obtained in shock tubes in which a detonating mixture is used
in the high-pressure chamber. *¢®
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phenomena in shock tubes. First, it has been found %
that the diaphragm separating the two chambers does
not open instantaneously, but over a finite time inter-
val. White,!% working with a shock tube of square
cross section 82.5 x 82.5 mm, has shown (by observ-
ing the ‘‘clearance’’ in transmitted light) that under

a pressure of 15 to 30 atm steel diaphragms of thick-
ness 0.25 — 0.88 mm with cross scratches open over
90 percent of their area in 200 usec,* and open en-
tirely in 600 usec. As White states, the failure of

the diaphragm to open instantaneously leads to the
production of a whole train of compression waves, in-
creases the distance at which the resulting shock wave
is formed, and also in some cases leads to an increase
of the intensity of the shock wave that is produced. On
the other hand, the gradual opening of the diaphragm
causes turbulence in the contact region. This mix-
ing, accompanied by heating of the cold gas driving
ahead and by cooling of the hot gas receiving the ac-
celeration, has decided effects on the values of the
thermodynamic and gasdynamic quantities in the end
of the hot “‘plug’’ (i.e., the volume of gas included be-
tween the beginning of the front of the shock wave and
the contact surface), and sometimes leads to a change
of the speed of the shock wave.

Measurements of the variation of the speed of the
shock wave along the tube showed that there are three
regions in the shock tube: a speeding-up section, in
which the speed of the shock wave is increasing, a
section of uniform motion, in which the speed remains
practically constant, and a section of damping of the
wave, in which its speed drops (Fig. 1). It was found
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FIG. 1. Measured variation of speed of a shock wave along the
tube, plotted against the ratio of the distance from the place the
diaphragm broke to the diameter d of the tube. Vg, is the max-
imum speed of the wave. 1—oxygen, Vg ax = 3.02 km/sec?;

2 —nitrogen, Vyax = 2.38 km/sec®; 3 —air, Vyax = 3.14 km/sec®?;
4 —air, Vyax = 13.8 km/sec. 12

that in a tube of inside diameter 50 mm with wave
speed about 3 km/sec (in oxygen) the speeding-up
section is 1.5 to 2 m long; in a tube 92 mm in diameter
with wave speed 3.2 km/sec (in nitrogen and air )61
this distance is 2.5 to 3 m. Even for a speed of 16.8
km/sec it was found in reference 146a that the wave
gathers its speed over a distance of 3 m. White, 1%
however, found that these distances increase with in-
crease of the initial ratio of the pressures across the
diaphragm before the experiment.

*Translator’s note: This is an error in quotation. White actu-
ally states that the opening was less than 10 percent in 200 pu sec.
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The existence of a section in which the shock wave
slows down is due to losses at the walls of the tube
because of the development of a nonstationary bound-
ary layer behind the front of the moving shock wave.
Experiments have shown®:!1 that the speed of the
contact surface systematically exceeds the calculated
value of the speed of the flow behind the front of the
shock wave, whereas according to the simplified one-
dimensional theory the speed of propagation of the con-
tact surface should not differ from the speed of the
flow behind the front of the shock wave running on
ahead. Dem’yanov!!»!? has succeeded in explaining
this effect in terms of the development of a laminar
boundary layer and in calculating the thickness of
this layer by means of the relation

6:‘/~

where V is the speed of the shock wave, u is the
speed of the flow, v is the kinematical viscosity of
the gas behind the front of the wave, and x is the dis-
tance from the leading edge of the front. Bazhenova!
has found experimentally the distribution of speeds in
the flow between the leading edge of the front of the
wave and the contact surface, for shock wave speed
0.85 km/sec in air, a case in which one cannot expect
any appreciable influence of processes of physico-
chemical change in the gas on the parameters of the
flow. She found a gradual increase of the speed of the
flow up to the end of the volume investigated; this is
in qualitative agreement with Dem’yanov’s calculations.
Anderson®® and Roshkol®12 have used simple arguments
based on the balance of the masses of gas ‘“flowing into’
a given volume through the leading edge of the shock
front and ‘‘flowing out’’ on account of retardation in a
turbulent (at high pressures—Anderson) or laminar
(at low pressures—Roshko) boundary layer to show
that the distance from the leading edge of the front to
the forward part of the contact surface in an actual
tube is always smaller than according to the simpli-
fied one-dimensional theory; at sufficiently large dis-
tances from the place where the diaphragm broke the
‘‘plug’’ even begins to decrease in length. This result
is in agreement with the experimental facts. There are
also other papers®h19:142,105% 4ouoted to the analysis
of the effect of the boundary layer on the flow of gas in
a shock tube.

The effect of the boundary layer is especially evi-
dent in experiments in which the initial pressure is
low and the tube diameter is small.!%%1#12 Forexample,
in experiments with a tube of inside diameter 33.4 mm
Duff!% found that with initial pressure py = 0.5 mm Hg
the deviations from the one-dimensional type of func-
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(4.1)

*We have obtained the references to these papers from a bib-
liographical index ““Shock Waves,’’ prepared for publication by
the Institute of Mechanics of the Academy of Sciences of the
U.S.S.R.
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tioning of the tube are so large that this scheme cannot
be used as a basis for describing the results. The au-
thor ascribes these deviations to the development of a
laminar boundary layer which, under these conditions,
occupies most of the cross section of the tube. Calcu-
lations made with the relation (4.1) show that in Duff’s
experiments the nominal thickness of the boundary
layer at a distance of 25 cm from the leading edge of
the shock front was 6 — 7 mm; in this case the bound-
ary layer occupied about half the cross-sectional area
of the tube. Consequently, according to these estimates
one can regard the flow as one-dimensional and neglect
the influence of the boundary layer only near the lead-
ing part of the shock front, in tubes of sufficiently
large diameter, or when the initial pressure is suffi-
ciently high. In each concrete case one can obtain
quantitative estimates of the thickness of the laminar
boundary layer by using relations derived in refer-
ence 161a.

A number of problems of the physico-chemical
kinetics of the processes can be solved by studying
the state of the gas behind the front of a wave reflected
from the end of the tube, i.e., at a place where the
heated gas must be at rest.2 %! Many experiments
and calculations®® 14915 gshow, however, that one can
do this only with some caution, since the homogeneity
of the volume of gas behind the reflected wave is some-
times decidedly disturbed owing to the interaction of
the reflected shock wave with the boundary layer that
exists in the flow behind the incident wave. There-
fore almost all of the most interesting results on
nonequilibrium processes at high temperatures which
we discuss below have been obtained from studies of
the state of the gas behind the front of the incident
shock wave.

Thus, the most suitable conditions for observing
nonequilibrium phenomena in a shock tube are as
follows:

1. The studies are made at such a distance from
the diaphragm that the process of formation and
speeding-up of the shock wave have been completed
and the shock wave is moving with constant speed.

2. The part of the flow behind the leading edge of
the shock front must be sufficiently small in compari-
son with the entire distance from the front to the con-
tact surface, for otherwise difficulties arise in finding
the causes of changes in the different measurable quan-
tities.

3. The tube diameter and the initial pressure must
be large enough so that the damping of the shock waves
and the boundary layer do not have much effect on the
parameters of the flow.

It is assumed that under these conditions the flow
in the region observed behind the front of the wave
will be a one-dimensional stationary flow; therefore
one can apply to this section of the flow the laws of
conservation of mass, momentum, and energy in inte-
gral form, with the possibility of physico-chemical
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changes properly taken into account (cf. e.g., refer-
ence 124, Sec. 6 of Chapter 11).

5. EXPERIMENTAL METHODS FOR STUDYING THE
STATE OF A GAS IN A SHOCK WAVE

The experimental study of the nonequilibrium phe-
nomena that we have described depends on the obser-
vation of the change with time of certain of the param-
eters that characterize the state of the gas in a shock
wave. Therefore a main quantity to be measured is
the time during which a change of the composition, the
density, the temperature, or some other characteris-
tic of the state of the gas occurs in the process of es-
tablishing equilibrium. Consequently, a basic crite-
rion of the suitability of a method for studying the
nonequilibrium phenomena is the time resolution of
the apparatus; naturally the method to be used must
also be sufficiently sensitive to changes of the charac-
teristics of the medium. There have by now been de-
veloped quite a number of experimental methods, which
have made possible the accumulation of much factual
material from studies of the processes of excitation of
rotations and of molecular vibrations, changes of oc-
cupation of electronic levels, dissociation, and ioniza-
tion, in the gas behind the front of a shock wave as it
is propagated along a shock tube. A decisive role has
been played by optical methods, which have made it
possible to get high time resolving power (fractions
of a microsecond) without appreciable effect on the
object being observed.

5.1. Measurement of the Density of the Gas. The
density of the gas is one of the main parameters char-
acterizing both the thermal and the gasdynamic state
of the medium. It is by studies of the distribution of
the gas density behind shock wave fronts that the main
results on the excitation of rotations and vibrations

and on the dissociation of molecules have been obtained.

Let us first discuss a precision method for measur-
ing the density distribution in the front of a shock wave
developed by Hornig, Cowan, Greene, and Anderson
(a bibliography of the papers of these authors can be
found in reference 69). The apparatus devised by
these authors measures the coefficient of reflection
of light from the surface of the leading edge of the
shock wave. An intense parallel light beam (in the
first experiments from a carbon arc, in later ones
from a tungsten lamp, which was found to be better
because of its stability) was incident at the angle 6
(in various experiments the value of 6 ranged from
62° to 82°) on the surface of the leading edge of the
shock front as it went past observation windows, and
then the reflected part of the light fell on a photomul-
tiplier. The experimentally measured value of the
reflection coefficient (amounting to 1075~ 107") was
compared with calculated values found from definite
assumptions!® about the density distribution (which
is connected with the index of refraction by well known
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relations) in the wave front. The expression found
most suitable for correlating the results is

Q—01
4z
1+exp <_T/'
where p;, p, are the values of the density of the gas
before and after the passage of the leading front of the

wave, and L is the effective thickness of the wave
front,

=0+ , (5.1)

Q—
L=l fl
dx /ma.\'
Values of the quantity L were obtained for a number
of gases (Ar, N,, O,, CO, CO,, N,O, Cl,, HCI, and
others) for shock-wave speeds a little above the
speed of sound in the undisturbed gas (Table I).

Table I. Measured thickness L of shock-wave
front (in units 107° cm), as function of the
number M, for initial pressure p; =1 atm

and temperature Ty = 300°K

Gas
Na 02 Cco N0 COg HC1 Ar
M
1.08 28.8
1.23 8.5 9.9 7.4 | 6.2 | 5.0 | 6.2 8.5
1.37 5.7 7.4 6.0 § 45| 4.2 | 5.0 6.0
1.55 3.3 4.1 3.71291 25| 2.0 4.2

A number of interesting results have been obtained
by measuring the density gradient in the flow behind
the front of a shock wave by means of the Toepler
schlieren method, which is widely used in gas-dynam-
ical research.® This method has been used photo-
graphically by Glick and Wurster to study the process
of dissociation of oxygen behind the front of a shock
wave in a shock tube,!!? and photoelectrically by Resler
and Scheibe to study the process of vibrational excita-
tion in CO, and other gases.!®15% A fundamental
treatment of the principles of operation of a number
of schlieren schemes and a derivation of the formulas
required in processing the results is given in papers
by Schardin, in particular in reference 167. Naturally
the photoelectric method of registration makes it pos-
sible to get higher resolution in time.

The most complete studies of the density distribu-
tion behind the front of a shock wave when there are
nonequilibrium effects have been made with interfer-
ometers, 611117, 143, 144,174,156 whi0h a5 is well known,
give direct measurements of the density of the gas.
For this purpose one includes the working section of
a shock tube in one arm of an interferometer of the
Mach~Zander typeM (a compensator is placed in the
other arm). In several researches, reference 117 etc.,
instantaneous pictures were taken of the density dis-
tribution behind the front of a shock wave (Fig. 2); in
other work’®156 the photographic-sweep method was
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FIG. 2. Interferogram of the density distribution in a shock
wave propagated with speed 2 km/sec in a mixture of 66 percent
O, and 34 percent N,; the initial pressure was p, = 21 mm Hg.””

used: the interference fringes were projected on the
slit of a photographic-sweep camera. In this case the
shift of the bands is measured as a function of the time
of passage of the heated gas past the observation win-

dows.
Systematic studies made with interferometers by

different experimenters, using different tubes and
working under different conditions, have established
the fact that when nonequilibrium processes are oc-
curring in pure gases or in mixtures in which the
diluting gas is an inert gas the density behind the
shock front gradually increases and approaches the
equilibrium value,* i.e., the value obtained from the
integral conservation laws for mass, momentum, and
energy for the equilibrium excitation of the internal
degrees of freedom of the molecules and the equilib-
rium dissociation and ionization of the atoms and
molecules.

As the initial pressure in the low-pressure cham-
ber of the tube is decreased the sensitivity of the
schlieren and interferometer methods falls. There-
fore for the study of the structure of shock waves at
low pressures a method has been developed for meas-
uring the density distribution in the gas in a shock
tube by means of the scattering of an electron beam
sent through the gas perpendicular to the axis of the
tube.T4: 104,106,182 15, thege experiments an electron
beam produced by an electron gun was accelerated
by a potential of 10 — 40 kv and entered the working
section of the tube through a thin platinum foil. The
registering device was a photomultiplier with a scin-
tillation converter. In the energy range chosen the
electrons are mostly oply elastically scattered; the
scattering coefficient depends on the energy of the
electrons, the atomic weight, and the density of the
gas. Thus measurement of the attenuation of the beam
during the time of passage of the shock wave past the

*In mixtures such as air one sometimes observes values of the
density above the equilibrium value, owing to the simultaneous
occurrence of a number of processes at different rates (cf., e. g.,
reference 156).
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point in question makes it possible to obtain the den-
sity distribution of the gas; the resolving time of such
an apparatus is less than 0.5 usec. Experimenting
with argon at initial pressure 0.5 mm Hg, Ballard and
Venable determined the thickness of the front of a
shock wave in argon and found that for wave speeds

M =3, 4, and 5.8 the zone of redistribution of the
translational motions of the atoms is respectively
4.4, 3, and 8.5 times the mean free path. Under the
same conditions, but over a wider range of speeds

(M =1.6—17), Duff and Webster!? found that the
thickness of the wave front has a minimum at M = 3,
equal to 6.5 times the mean free path for the condi-
tions in front of the wave, and then slowly increases
for stronger shock waves.

Studies of the density distribution of the gas behind
the front of a shock wave have also been made by
measuring the absorption of soft (long-wave) x-radi-
ation. 128,182 Knjght and Venable!® assume that the
absorption of soft x-rays in a heavy inert gas is de-
scribed to good approximation by the exponential law

I, =11, (5.2)

where I, and Ij are the intensities of the incident
beam and the beam after passage through a thickness

d of the gas, and p is the absorption coefficient cal-
culated per unit length and unit density. Then a deter-
mination of the absorptive power a =1-(Iq/I;) gives
a measurement of the density of the gas. The apparatus
uses pulsed x-ray tubes at voltages up to 20 — 30 kv,
with copper anodes and tungsten targets (also chro-
mium and copper targets), which give a continuous
spectrum. The tubes are mounted directly on the work-
ing section of the shock tube; the windows are beryl-
lium foil of thickness less than 0.25 mm. The detector
is a photomultiplier used with a scintillator; the re-
solving time is 0.2 — 1 usec. Xenon is the most effec-
tive absorbing gas; the value of u for the chosen op-
erating voltage is found by a static calibration, in
which the tube is filled with xenon to various pres-
sures. Chesik and Kistiakowsky®® have used xenon to
dilute other gases to be studied (N,, O,, H,, CHy, CyH,,
C,Hg), and have thus measured the vibrational relaxa-
tion time and the relaxation time for dissociation be-
hind the fronts of shock waves.

5.2. Measurement of the Concentrations of the Com-
ponents of the Gas. Studies of the distribution of the
concentrations of the components of a gas behind the
front of a shock wave by means of absorption spectra
have been very successful. In this way results have
been obtained bearing on the dissociation of N,O,,%
1,88 Br, 8,148 o, 26,8 and H,0,” and on the excita-
tion of vibrations in NO! and 0,.%3

The method is rather simple: Light from a source
(an arc or a lamp) passes through the shock tube per-
pendicular to its axis; the required part of the spec-
trum is then singled out by a light filter or a spectro-
graph. The light pulse is converted by a photomulti-
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plier into an electrical signal, which goes to an oscil-
loscope. The signal level is measured before and
after the passage of the front of the shock wave; this
makes it possible to get the distribution of the absorb-
ing power « behind the front of the shock wave. As

is well known, for the continuous spectrum the regis-
tered absorbing power is connected with the absorp-
tion coefficient by the relation

—leyd

fpd—e v

o= ;
A

where 9 is a function characteristic of the apparatus,
and k,, is the absorption coefficient, which depends on
the concentrations Nj of the absorbing molecules of
types i in unit volume, the oscillator strengths { for
the corresponding optical transitions, and the fre-
quency v. In cases in which k, is only weakly de-
pendent on v (in the observed range Ap) the relation
(5.3) can be simplified, and reduces to a =1

—exp (- «kNjd). The quantity « (the absorption co-
efficient computed for unit length and unit concentra-
tion) is usually found experimentally, for example,
for iodine and bromine in the regions of 4870 A and
4360 A,%7% and for bromine in the region of 4390 A, 148
In reference 86 the continuous absorption spectrum of
molecular oxygen (the Schumann-Runge continuum )
was used in the region of 1470 A. It is harder to de-
termine the relation between Nj and « in the case of
a band spectrum,3% 16! when the lines making up the
spectrum are reabsorbed and overlap; here one can
only rely on experimental measurements of the func-
tion a (Nj, T) at peints of the flow corresponding to
an equilibrium state of the medium, i.e., far from
the front of the wave. Knowing the character of the
function « (Nj, T), one can get an idea of the cause
of the change of the absorbing power near the front

of the wave, and by measuring « can find the time
for establishing equilibrium.

The superiority of absorption-spectroscopic methods
shows itself in studies of the processes in complex
mixtures of gases, for example such mixtures as air.
From studies of the character of the absorption of
ultraviolet radiation behind shock fronts in air!%23 jt
has been possible to show that near A = 2200 A the
absorption of the light is mainly determined by transi-
tions from the fourth and fifth excited vibrational levels
of the ground electronic state X3Z)é to the state B%Z;
of the oxygen molecule (Schumann-Runge bands). The
dependence of the absorbing power on the temperature
and the concentration of molecular oxygen was found.
This made it possible to study the process of dissoci-
ation of the oxygen in airi028 (Fig. 3).

Another virtue of this method is the possibility of
separating the zones for vibrational relaxation and for
dissociation at high temperatures, since in this case
the excitation of vibrations increases the absorbing
power and dissociation decreases it (Fig. 4). This
makes it possible to measure the zone of excitation

(5.3)
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FIG. 4. Oscillogram of the distribution of absorbing power in a
shock wave propagated at speed 3.1 km/sec in oxygen at initial
pressure p, = 1.5 mm Hg.

of vibrations before the beginning of dissociation; in
this way the relaxation time of the vibrations of the
O, molecules has been measured up to temperatures
T = 9 — 10 thousand degrees.®3! The characteristic
time for the dissociation of the O, molecules was
measured simultaneously; this showed that in a shock
wave this time is much longer than the vibrational re-
laxation time (Table II). In these experiments the re-
solving time of the registering devices was less than
0.05 usec.

As is well known, much can be accomplished in the
study of the kinetics of gas reactions by using a source
of illumination that gives the line spectrum of the gas
components that are being studied.!®2! This method
has also been successfully applied in work with a
shock tube, in a study of the kinetics of the decompo-
sition of water vapor at temperatures T = 2400 —
3200°K;™ the authors observed the absorption in the
OH bands in the region of 3095 A.

5.3. Measurement of the Intensity of Radiation. A
number of authors have also used measurements of
the emitting power of the gas behind the front of a
shock wave to study relaxation processes at high tem-
peratures.163,164,190,86,153,186,73,et0. By now there have
been a great many studies of the luminosity of gases
in shock waves produced in shock tubes. The spectral
composition and time characteristics of the luminosity
have been studied in air,?%128 oxygen,% argon,154,186,66
xenon, 162,86,67,125,184,1132 kyoiton, and in mixtures of
krypton with hydrogen® and with other gases,114,9%109,126

The very first researches showed that the spectra
of the luminosity contain a number of lines from im-
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Table II. Vibrational relaxation time of O, (Tyijp) and character-
istic time for dissociation of O, (74is) in a mixture of
21 percent O, and 79 percent Ar (p, is the pressure
behind the front of the wave)

|
km P Tyib, Tdis; Tdis | m Py Tyib, Tdis, Tdis
sec | atm W sec U sec Tyib | gec | atm W sec . sec Tyib
2.28 1 0.65 2.6 21.2 8 2.57 ] 0.83 1.8 24.8 14
2.33 11,36 1.8 26.8 15 2.64 | 0.88 1.1 13.8 13
2.34 | 3.4 0.8 10.6 13 2.70 | 1,84 0.7 13.8 20
2.36 | 3.5 0.7 17.8 25 2.78 1 0.97 0.5 7.3 13
2.38 1.4 1.3 19.5 15 2.86 | 1.02 0.4 6.3 16
2,44 10,75 14 8.4 8 3.09 | 1.18 0.4 5.8 14
|

purities which have low ionization potentials (sodium,
calcium, and so on); even after careful purification it
is hard to get rid of the presence in the spectrum of
lines such as the sodium D lines. It turned out that in
a number of cases the luminosity observed in the front
of the shock wave is due to the radiation from impuri-
ties such as Cy and CN, excited molecules of which
are formed very quickly (in a time less than 1 usec)
in the heated gas from impurities containing carbon;
in such cases the partial pressure of impurities in the
gas before the front of the shock wave does not exceed
102— 10! mm Hg."%% This fact sometimes has to be
taken into account in analyzing results, in order not to
come to false conclusions about the development of the
processes in the main gas (Fig. 5).

In studying the development of the processes behind
the front of the wave it is necessary to know the time °
characteristics of the distribution of luminosity of a
particular spectral composition. Therefore experi-
ments are most often done with monochromators or
with photoelectric radiation detectors.* The signal
then goes, as usual, to a pulse oscillograph. In this
way Windsor, Davidson, and Taylor!%® have measured
the vibrational relaxation time of the CO molecule,
by registering the distribution of the infrared radia-
tion in the wavelength range 2 — 2.8 (which corre-
sponds to transitions from the second excited vibra-
tional level of the CO molecule, and also to some
other transitions.1%® The detector for the infrared
radiation had an equilibrium time of about 30 usec;
thus it was possible to measure only the rather long
vibrational relaxation times (behind shock waves re-
flected from the end of the shock tube).

By measuring the intensity distribution of the in-
frared radiation of NO in the region around 5.3 g,
Allport has studied the kinetics of the formation of
NO behind the front of a shock wave in air™ and the
mechanism of the decay of the NO molecules behind
the front of a shock wave in pure nitric oxide.™

Rates of dissociation of Ny, O,, and air have been
measured by studying the radiation emitted by the
heated gas as a function of the time.? 87 A two-channel

*Gloersen''*® has used a television camera with an orthicon to
register the development of the spectrum in time.

FIG. 5. Oscillogram of the distribution of luminosity (A=2600A)
in a shock wave propagated at a speed of 3.8 km/sec in oxygen
contaminated with gasoline; initial pressure 1.5 mm Hg,

monochromator was used, which singled out portions
of the spectrum of widths 33 and 66 A; measurements
were made near A = 3410, 3890, 3920, and 4780A. It
was found that the intensity of the observed radiation
has a maximum immediately behind the front of the
wave; the signal level then falls off exponentially,
right down to the equilibrium value. Despite the fact
that the intensity of the radiation changes markedly
with the wavelength, the characteristic relaxation
times measured for various wavelengths were prac-
tically identical. The decrease of the radiation can
be connected with the drop of temperature behind the
front of the wave during the process of dissociation.
It is well known that the intensity of the radiation is
proportional to the population of the excited electronic
state. Therefore the measured relaxation time corre-
sponds to two processes going on in parallel—the ex-
citation of electronic levels and the dissociation of
molecules. Consequently, in a given case this method
permits measurement of only an upper limit on pos-
sible values of the relaxation time of a particular
process.

Studies of the mechanism of excitation of electronic
levels are described in papers by Roth and Gloersen,
164,162,133 who examined the intensity distribution of
the luminosity in shock waves propagated in xenon
with speeds M = 8 — 11, at initial pressures 0.5 —4
mm Hg. In experiments done by Gloersen the radia-
tion was registered at five points along the shock tube,
separated by distances of 40 cm, and also the spectrum
of the luminosity was photographed over the range
3000 — 10,000 A at a distance of 45 cm from the end of
the tube. The values of the delay time of the luminos-
ity, as found by Gloersen, are shown in Fig. 6. It was
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FIG. 6. Delay time (-, pu sec) of luminosity in xenon, as a
function of the reciprocal of the temperature immediately behind
the shock front (in ev).'**® The Kelvin absolute temperature is
shown on the lower scale.

found that this time does not depend on the initial pres-
sure of the gas; its dependence on the speed of the
shock wave is such that it cannot be explained without
taking into account photoelectric emission from the
walls of the tube before the shock front. The possibil-
ity of an effect of the geometry of the shock tube on

the process of excitation of the luminosity is pointed
out.

In studies of the effects of small amounts of air and
other gases added to xenon, Roth!%3 used the distribution
of emission behind the shock front in the system of vio-
let bands of CN(BZ*— X¥*), in the region 3871 and
3883 A, to obtain results on the deactivation of vibra-
tional levels of the CN molecule at temperatures
6300 — 9550°K.

The character of the excitation of the electronic
levels of He I at 5876 A and He II at 4686 A in a shock
wave in helium at a speed of 20 km/sec has been stud-
ied in reference 187; high resolution in time (less than
0.05 usec) was attained in this work. In reference 183
emission of the line He 1 5687 A was detected in the
gas before the arrival of the shock wave.

A study of the distribution of continuous radiation
behind the front of a shock wave in argon in the re-
gions 4680, 4970, and 5000 A has been made by Petschek
and Byron.1% They also used the photoelectric method
of registration; the results were used to measure the
distribution of concentration of electrons and to con-
struct a picture of the process of thermal ionization
behind the front of a shock wave (see Sec. 3).

In some papers photographic methods have been
used to register the appearance of radiation behind
the front of a shock wave by photographing the spec-
trum on a moving film. For example, Niblett and
others*" have made an attempt to measure the time
of establishing of the equilibrium ionization behind a
shock wave in air; it must be remarked that the re-
sults they obtained are very roughly approximate.

5.4. Measurement of the Temperature of the Gas.
Measurement of the temperature of the gas behind
the front of a shock wave in a shock tube is a matter
of great interest. A great many papers have been
published by authors who have measured the tempera-
ture of the gas by pyrometric methods—observations
of the emission and absorption of light in the lines of
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impurities mixed with the main gas (impurities used
were sodium, barium, indium, chromium, etc. ).
59-62,21,96-98 Tho hasis of these methods are the assump-
tions that there is thermal equilibrium between the
excited impurity atoms and the main gas, Kirchhoff’s
law can be applied, and that radiative equilibrium is
only slightly disturbed by the emergence of radiation
from the heated gas. In cases in which these assump-
tions hold, simultaneous measurements of the distri-
butions of emitting and absorbing powers of the gas
behind the front of a shock wave make it possible to
determine the temperature distribution in accordance
with the laws of optical pyrometry.

For this purpose two channels (one above the other)
are made in the working section of the tube, perpendic~
ular to its axis. Through the first channel light is sent
across the tube from an external source placed behind
the tube, so that the absorbing power of the gas can be
measured; the radiation from the gas in the tube also
comes into this channel. Only the light from the gas
itself comes through the second channel, which serves
for the measurement of the emitting power. The light
then goes through a monochromator, which singles out
from both channels identical portions of the spectrum
(in the neighborhood of a wavelength A) these portions
of the light fall on two photomultipliers; the signals
are registered by means of a two-beam pulse oscillo-
graph. By using various types of calibration of the
registered signals in terms of a standard temperature
source, one can get several modifications of the method
for measuring temperatures:

a) Direct calibration of the proper radiation of the
gas, by replacement of the working section of the tube
by a standard straight-filament lamp. Assuming the
validity of the Wien law, we get for the unknown tem-
perature Tx, for Tx < 6000°K, the formula

- AT m -1
I‘XZTSP#T;IH W“Mo] ,
. I

where Tg is the brightness temperature of the stand-
ard (for the wavelength 2y}, I' and 1”7 are the ampli-
tudes of the signals in the first and second channels,
B is the coefficient for reducing the sensitivity of the
second channel to the sensitivity of the first, I}, is the
amplitude of the signal from the source of illumination,
m is the ratio of the signals in the measurement and
the calibration (m = BI"/Ix), @y, is a coefficient that
corrects for the change of the brightness temperature
when we go from A, to A, and C, is the second con-
stant in the Planck formula.

b) Calibration of the source of illumination in terms
of a temperature Ty, by replacement of the source by
a standard filament lamp (generalized method of re-
versal of spectral lines). Then under the same condi-~
tions, for a source of illumination operating on con-
stant current, we have

(5.4)

It
12
B AT, ﬁl"]
T,=T, [1+Tgln«—ﬂ—— , (5.5)
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where ¢ is the coefficient for the losses in the optical
system from the source of illumination to the inside
surface of the shock tube, and Ty, is the brightness
temperature of the source, determined from the rela-
tion

Tn——:Ts[i——%T;slnn%le]_l (5.6)
(n is the ratio of the signals from the source of illu-
mination and the standard).

The authors of other papers®~% have used for
measuring the temperature of the gas in a shock tube
the ungeneralized (ordinary) method of line reversal,
which requires that ‘‘reversal’’ of the lines be at-
tained—that the signal from the source of illumination
be brought to equality with that from the luminosity of
the gas in the tube. An advantage of this method is
that only one channel of registration is needed; a
shortcoming is that it is possible to measure the
temperature only at the points at which ‘“‘reversal’’
is observed.

Let us examine the basic assumptions associated
with the use of pyrometric methods for measuring the
temperature of the gas, and the possibilities of using
these methods for the study of nonequilibrium phenom-
ena. Naturally one cannot rely on the existence of ther-
mal equilibrium between the main gas and the excited
impurity atoms at points immediately behind the front
of a shock wave; a certain time interval is necessary
for the evaporation, dissociation, and excitation of the
impurity atoms, which are present in the gas mainly
in the form of salts. For example, for sodium impuri-
ties in nitrogen and air this time is 10 — 20 usec®!%
at T ~ 4000°K, and even goes as high as 50 usec.®
This severely limits the possibilities of using these
methods for the study of nonequilibrium phenomena
behind the front of a shock wave. As has been shown
in references 36 and 65, the validity of Kirchhoff’s
law for the observed radiation depends on the exist-
ence of a Boltzmann distribution of the atoms over
the electronic levels, and the time for establishing
this distribution is determined by the number of colli-
sions of the impurity atoms with other particles and
on the cross section for excitation. On the other hand,
as Biberman® has shown, there can be deviations from
the Boltzmann distribution over the levels, owing to
the passage of radiation beyond the space occupied
by the heated gas (in our case, the heated ‘‘plug’’
between the leading edge of the shock front and the
surface of contact). According to reference 6 the
emergence of radiation from the ‘‘plug’’ leads to de-
viations from Kirchhoff’s law and to a lowering of the
measured temperature relative to the true value; the
size of the deviation AT increases with decrease of
the ratio of the probability of collisions of the second
kind to that of optical deexcitation, and with decrease
of the optical thickness. Recalling the known values
of the probability of collisions of the second kind?37,51
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between atoms of Na and a number of other metals
and electrons, and between inert-gas atoms and mole-
cules of N,, H,, and so on, we can conclude that for

T < 5000°K the value of AT will be largest in the case
of temperature measurements in a monatomic gas, be-
cause of the smallness of the cross section for excita-
tion of impurity atoms in collisions with other atoms;
in this case the emergence of radiation wins out over
the excitation. This finds confirmation in the experi-
ments;52 909 in the case of measurement of the tem-
perature of argon by means of the line Ba II 4554 A%?
with a pressure of about 0.5 atm in the plug, the meas-
ured temperatures were more than 1000° below the
calculated values; the discrepancy becomes smaller
when the pressure is increased. Assuming that the
temperature calculated from the Hugoniot adiabat for
shock waves in argon is the true value, the authors of
reference 59 obtained for the effective cross section

for excitation of Ba II ions by collisions of the second
kind with argon atoms at T = 4000 —5000°K the value

4 x 107" cm?. Studies of this sort open up the possi-
bility of using shock tubes to measure the probabilities
for excitation of individual electronic levels under
various conditions.

A different picture is observed in experiments with
diatomic gases: the cross section for excitation of the
lines of impurity atoms in collisions with vibrationally
excited molecules is so large that the quantity AT is
negligible. Therefore in measurements of the temper-
ature behind the fronts of shock waves propagated in
nitrogen and air at speeds 1.9 — 4.3 km/sec Faizullov,
Sobolev, and Kudryavtsev®" 62 found that after thermal
equilibrium is established between the excited impurity
atoms and the main gas, at pressures 0.1 —4 atm, the
measured temperature (within experimental error,
+70°) agrees with the calculated values obtained from
the integral conservation laws on the assumption of
complete thermodynamic equilibrium.

The large cross section for excitation of sodium
atoms by vibrationally excited CO, molecules has
been used by Hurle and Gaydon!? for a determination
of the relaxation times of carbon dioxide for vibrations
and dissociation near 2500°K.

Because of the previously noted shortcoming, this
method for measuring the temperature cannot be used
for studying conditions near the precise front of the
shock wave, where it would be very desirable to know
the temperature distribution in studying nonequilibrium
phenomena in a given gas.* To overcome this handicap
it is necessary to measure the temperature by the emis-
sion and absorption of light in the main gas itself, and

*These same shortcomings also affect other methods for meas-
uring the temperature of a gas through impurities—the method of
the relative intensities of lines (Omstein method) and the method
of measurement of T from the intensity distributions in molecular
bands.®® The method of temperature measurement by the rate of
propagation of ultrasonic vibrations in a gas in a shock tube®*!
also has unsatisfactory time resolution.
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not in added impurities, as has been done in a paper by
Model’;% this is possible, however, only at sufficiently
high temperatures. Under these conditions use is
sometimes made of a method for measuring T from
the absolute value of the total emission in one or an-
other line of the main gas.!® 137 In this way one can
get extremely high resolving power in time (0.05 usec
and shorter), which is very important in the study of
nonequilibrium phenomena.

5.5. Measurement of the Concentration of Electrons.
Interest in the study of the kinetics of thermal ioniza-
tion has caused the development of a number of methods
for measuring the concentration of electrons behind the
front of a shock wave. Essentially these are extensions
of already known ways of studying gas-discharge plas-
mas; they include probe, spectral, magnetic, and radio-
frequency methods.

One of the earliest methods for studying a plasma
is the well known probe method of Langmuir. The first
attempts to apply this method to the measurement of
the electric conductivity of argon behind the front of a
shock wave in a shock tube!®® were not successful; the
values obtained for the electric conductivity were con-
siderably lower than the calculated values; this depres-
sion of the values could not be unambiguously inter-
preted because of the presence of a cold boundary layer
at the measuring probe. Further improvements in the
method (use of a ‘‘point’’ working surface at the end
of a thin sharp probe, and so on) made it possible to
get some results which correlated the variation of the
potential ¢ of the probe with the changes of the state
of the gas surrounding it.1® 1t was found experimen-
tally that on passage of the shock front (in argon) the
potential of the probe shows a sharp jump; the signal
then remains constant (which corresponds to small
values of the electron concentration Ng behind the
front of the shock wave, when ¢ is constant), and
thereafter it begins to increase, since for sufficiently
large values of Ng

1 de

L dln N,
Te dx

dx

(5.7)

where Tg is the electron temperature and x is the
distance from the leading edge of the shock front. Fi-
nally the voltage at the probe becomes constant again;
the authors of reference 153 identify this instant with
the establishing of the equilibrium state. In this way
the time for establishing the equilibrium ionization
behind the front of a shock wave in argon has been
measured over the range M = 11 — 20.

The probe method has made it possible to detect
the presence of electrons before the passage of a
shock wave in argon at M = 8 — 12;!% measurements
by means of external electrostatic probes in pure
xenon have indicated the presence of charges in the
gas 400 usec before the arrival of a shock wave, 1131132

In reference 153 the distribution of Ng was exam-
ined through the change of intensity of the continuous
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radiation, on the assumption that the luminosity is due
to the recombination spectrum and that its intensity is
proportional to the square of the electron concentra-
tion. Then for the fractional rate of change with time
of the intensity I of the radiation behind the shock
front we have

tal 24N,
TE——N_(,; ar " (5.8)

These data have also made it possible to estimate the
time for establishing ionization equilibrium; the au-
thors state that impurities have a considerable effect.
In their latest work White and Alpher!®® studied the
luminosity of argon behind a shock front (at Mach
numbers 10 — 19) and found that the maximum inten-
sity of the luminosity in the neighborhood of 4120 A

is proportional to the 1.6 power of the equilibrium
electron concentration [over a range of concentrations
(1.7—17) x 10" ¢cm~%). The authors remark that the
maximum of the luminosity is reached later than inter-
ference observations indicate that maximum ionization
is reached.™

A paper by Petschek and others!™ suggested that
the distribution of the electron concentration behind
the front of a shock wave could be studied by measur-
ing the shift and broadening of lines caused by the
Stark effect, using photographs of particular parts of
the spectrum on a moving film. Alyamovskii and
Kitaeva! have developed this method; in their work the
image of the spectrum was made to move across a
stationary film by placing a rotating slotted disk in
front of the slit of the spectrograph. By using the sta-
tistical theory of Holtzmark the authors determined
from the measured shift and shape of the hydrogen
Hg; line the concentration of electrons behind a re-
flected shock wave in argon containing 2 percent hy-
drogen. Good agreement was found between the meas-
ured values of Ng and the values calculated from the
Saha equation for the conditions behind the reflected
wave [T = 12200 — 13300°K, Ng ~ (1.3—1.7) x 107
ecm™3]. Unfortunately the resolving time of the sweep
mechanism was too large for any conclusions to be
drawn about the development of the ionization process.
In another experiment!®? to get better resolution in
time the image of one of the lines of the spectrum was
divided into seven sections; the radiation from each
section fell on a photomultiplier. This method was
used to study the behavior of the shapes of a number
of lines in shock waves in helium and deuterium.

In another method for measuring the electron con-
centration (already mentioned in a review, reference
56, page 526) one measures the displacement of mag-
netic lines of force when a volume of the gas ionized
by a shock wave comes into a specially designed ex-
ternal magnetic field.13413% Special methods of cali-
bration and computation of the emf induced in a meas-
uring coil owing to the displacement of the lines have
made it possible to measure the electric conductivity
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of argon!3 and air!® behind the fronts of shock waves.
In these experiments also the resolving time is long
(about 5 usec); therefore the authors establish only
the fact that in air the time for establishing the equi-
librium ionization is smaller than the resolving time
of the apparatus.

The use of microwaves has great promise for the
measurement of small electron concentrations behind
shock fronts. One of the first successful researches
in this direction used measurements of the distribu-
tion of the absorption of radio waves A =3 cm in shock
waves propagated in air (Mach number 8.2 — 10.4) and
nitrogen to which 0.25 percent oxygen had been added
(Mach number 7.4 — 8.8).1%% The arrangement for
measuring the absorption coefficient of the micro-
waves is analogous to that for optical measurements;
on one side of the measuring section of the shock tube
there was a 3-cm wave generator, on the other the de-
tector, from which the signal goes to an oscilloscope.
The microwaves were sent into the shock tube through
an aperture of size 25.4 X 12.7 mm; the axis of the
waveguide was perpendicular to the axis of the shock
tube. The attenuation of the signal was calibrated by
replacing the shock tube by a discharge tube of the
same diameter and measuring the concentration of
electrons under static conditions (discharge in hydro-
gen). The authors found that in the range of compara-
tively weak shock waves investigated the absorption
coefficient o can be written in the form

q_ 18V neNZ (5.9)

3 mo?

where e, m are the charge and mass of the electron,
w is the angular frequency of the microwaves used,
and Z is the mean collision frequency. In the range
of values of Ng that was studied (10 —10' cm™)
there is good agreement of the maximum measured
values of N with the calculated values; the contribu-
tion of impurities to the measured ionization is negli-
gibly small. The authors measured the time necessary
for the establishing of the equilibrium ionization

(7 — 12 usec) and thus supplemented the results of
reference 147 (Fig. 7). It must be noted that the time
resolving power was not high; this makes us regard
the results as not entirely reliable.

An analogous method has been developed by Bazhe-
nova and Lobastov.® Brandt and Kurtmulaev have at-
tempted measurements of electron concentrations in
shock waves by an application of a resonator method,
which involves essentially observation of the change
of the quality figure of a resonator when gas ionized
by a shock wave enters its central part. The method
of measurement used by these authors is described
in reference 7.

5.6. Measurement of the Pressure. One of the most
convenient indicators of pressure changes in such
rapidly occurring processes as the propagation of a
shock wave in a gas is a piezoelectric transducer with

S. A. LOSEV and A. 1.
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a sensitive element of barium titanate. The construc-
tor of such a sensing element is described by Zaitsev.!
After the action of the shock wave on the barium titanate
ceramic an elastic deformation wave is propagated
through the ceramic; to prevent the disturbing effect

of a reflected wave the ceramic is in acoustical con-
tact with a sufficiently long zinc rod (the acoustic im-
pedances of the ceramic and the zinc are equal). Stud-
ies of the pressure distribution made with such sensing
elements have shown that within the limits of the ‘‘plug’’
the pressure behind the front of a shock wave in a

shock tube remains practically constant, to an accu-
racy of 2 — 3 percent, and agrees with the calculated
value obtained from the conservation laws. The time
resolution is determined by the diameter of the ce-
ramic used (5—10 mm).

5.7. Measurement of the Speed of Flow. In a number
of investigations of physico-chemical transformations
studies have been made of the effect of nonequilibrium
processes on gas-dynamical characteristics: the speed
of flow!% or the speed of a reflected shock wave.? 1%

In these researches Toepler apparatus was used for
photographing (with photo-sweep and flash exposure)
the pattern of the gas flow in a shock tube—cf. the re-
view article of reference 56. In this way Feldman!®
has obtained some data on the upper limit on the values
of the rate of recombination processes in air; Strehlow
and Cohen!™ found that the values they measured (from
the speed of a reflected shock wave) for the vibrational
relaxation times of O, and N, agreed with the results
of Blackman.”™ Bazhenova and Zaitsev? have studied
the effect of deviations from equilibrium on the speed
of a reflected shock wave in CO,. By a similar method
Semenov®® has measured the angle of the oblique sec-
ondary shock wave at a wedge inserted in a shock tube,
and obtained an estimate of the dissociation energy of
nitrogen.

A virtue of these papers is the intuitive character
of the results obtained, but to get quantitative results
one must overcome great difficulties; these methods
do not as yet have good enough resolving power in time.

3

Summarizing our survey of the methods of experi-
mental study of relaxation phenomena at high temper-
atures, we must note that the most productive and
promising of these methods are the interferometric
method for measuring the density distribution and the
spectral methods (using absorption spectra in studying
dissociation and the excitation of molecular vibrations,
and emission spectra to study ionization and the exci-
tation of electronic levels). This is due both to the
strong dependence of the density and spectral charac-
teristics on the state of the gas and to the adaptability
and sensitivity of these kinds of apparatus, and also
to the possibility of getting sufficiently high resolving
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power with respect to time. The experiments have
shown that the dimensions of the nonequilibrium zones
in which excitation of vibrations occurs behind a shock
front remain constant as the wave moves with constant
speed along the tube, and do not depend on the geom-
etry of the tube. For example, the sizes of the zone
of vibrational relaxation in N,, as obtained with vari-
ous tubes by Blackman’® and by Bayron, agree to
within experimental error; the zones in O, are the
same in measurements by Generalov and one of the
present writers®3! and by Blackman,' and so on. As
for the processes of excitation of electronic levels

and of ionization, according to Gloersen!!® photoelec-
tric emission from the walls of the shock tube may
play an appreciable part in the development of these
processes in monatomic gases.

6. SUMMARY OF RESULTS

In conclusion we shall summarize the results of
experimental studies of the nonequilibrium phenomena
that accompany the propagation of shock waves. In do-
ing so we shall concern ourselves only with those re-~
sults that on one hand are definitely reliable, and on
the other are most convenient for comparison with
theoretical calculations.

6.1. The Establishing of the Maxwell Distribution
(Monatomic Gas). Experimental values of the thick-
nesses of shock waves in argon and helium, as func-
tions of the number M for the wave, are given in
Table III (the mean free path under normal conditions
if 6.9 x 1078 cm in argon and 1.8 x 1078 cm in helium).
It can be seen from this table that the process of es-
tablishing the Maxwell distribution occurs in a time
which corresponds to several mean free paths. This
result is in good agreement with the general conclu-
sions from kinetic theory. The results of a concrete
calculation of the thickness of a shock wave in argon
are shown together with the experimental data in
Fig. 8. The diagram shows that the thickness of the
shock wave calculated by Muckenfuss by means of the
binomial distribution!!® agrees with experiment. As
was to be expected (see Sec. 3.1), the hydrodynamical
method of calculation leads to poorer agreement with
experiment, and the discrepancy increases with in-
creasing Mach number.
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Table III. Values of shock front thickness in
monatomic gases

Speed of

shock Thickness

of front
(in mean
free paths)

Notation

wave, in Fig, 8

(Mach
number)

Authors

23 Anderson and Hornig” 1
.37
.55
34
.46
.58
.73

Ar

-

Talbot and Sherman'™ 3

-

Hansen and Hornig'* 2

[
=3
-

Ballard and Venable™ 4
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Duff and Webster'® 5
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FIG. 8. Ratio of the mean free path [ to the shock front thick-
ness L, as a function of the Mach number of the shock wave.
The solid line is calculated by means of the binomial distribu-
tion,'* and the dashed line is calculated from the Navier-Stokes
equations. For the notations 1-5, see Table IIL

We note that, in agreement with the results of stud-
ies with an electron beam,™ 1% the thickness of the
wave has a minimum near Mach number 3 — 4. This
fact has not yet received an explanation.

6.2. Rotational Relaxation. The experimentally
measured values of the number of collisions Zrot
necessary for the establishing of rotational equilib-
rium in chlorine, nitrogen, and oxygen are shown in
Table IV. For this purpose Zpot is defined as the
ratio of 7.4, the time for the establishing of rota-
tional equilibrium, to 7,4 (2v0?)~! (m/27kT)Y2, the
mean time between collisions. For greater complete-
ness Table IV includes data from ultrasonic measure-
ments (cited in reference 149). For comparison we
also give in the table the theoretically calculated re-
sults obtained in reference 149.

As can be seen from Table IV, the process of ro-
tational relaxation of heavy molecules occurs in a
time corresponding to several free paths. In this case
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Table IV. Number of collisions Z;,4 necessary
for the establishing of equilibrium in the
rotational degrees of freedom of

molecules (T = 300°K)

S. A. LOSEV and A. I.

Zrot
exper- | Method of
Gas |theory | iment | determination Authors
Cl, | 490 | 5.5 Shock wave | Anderson and Homnig™
N, 401 | 6 Ultrasonic Zmuda®!
3 ” Parker et al.'®
5 i Tempest and Parbrook'”
5.26 ” Greenspan'*®
5.5 Shock wave | Anderson and Hornig”
0, 345 | 3 Ultrasonic Parker et al.**®
12, i Connor'™®
5 ” Tempest and Parbrook'”
5 Shock wave | Anderson and Hornig™

the time for establishing rotational equilibrium is
practically the same as that for establishing the Max-
well distribution. In a shock wave the processes of
establishing the Maxwell distribution and rotational
equilibrium occur in parallel, and in the case of suffi-
ciently heavy gases can scarcely be distinguished. An

OSIPOV

approximate theoretical calculation of the number of
collisions Zyot, based on the classical picture of the
interaction of two rotators, leads, as we see from the
table, to satisfactory agreement with the experimental
data. It must be emphasized, however, that the theo-
retical calculation carried out in Sec. 3.3 is of a quali-
tative nature. Exact calculations for this case are
difficult because the processes of establishing the
Maxwellian and rotational equilibria overlap.

6.3. Vibrational Relaxation. Table V shows experi-
mental values of the rotational relaxation time of the
diatomic molecules O,, N,, Cl,, CO, NO; as in the
preceding section, these data are supplemented by
some results of acoustical measurements. Table VI
shows values of the relaxation time in CO, and N,O,
obtained by the use of shock tubes. ’

Figure 9 shows the dependence of the number of
collisions Zyjp necessary of the establishing of vibra-
tional equilibrium on the adiabatic factor wT*. Here
we have taken Zyip = Tyvib/Tcol, Where Tyip is the
measured relaxation time and 7,4] is the time between
collisions. The value of the adiabatic parameter wrt¥*
has been calculated from the relation

Table V. Values of the vibrational relaxation time in pure diatomic gases

Range of measured
values of

Temperature Tvib (usec) at
Gas range, °K p=1atm Method of determination Authors
0, 292 3180 Acoustical (Kundt tube) H. Knétzel and L. Knétzel®*®

300 1000 Acoustical (reverberation method) Kneser and Knudsen'®
770-3150 60-1.2 Shock wave (interferometer) Blackman”
2450--10000 5.0-0.17 Shock wave (absorption spectroscopy)| Generalov and Losev’’?*

N, 778-1186 1760796 Acoustical Lukasik and Young'*

1470 230 Shock wave (interferometer) Blackman™
3000-4400 38.3-6.5 ”? »? I Bayron™
35005600 19,0-4.7 " ” ” Blackman”’

Cl, 241-415 6.3-1.6 Acoustical Eucken and Becker'®’
248-273 7.5-4.7 »” Schulze'®®
575-1470 1.5-0.4 Shock wave (intetrferometer) Smiley and Winkler'’*
CO | 1273-2073 10 Acoustical Sherrat and Griffith'’?

1470 19 Shock wave (infrared spectroscopy) Windsor, Davidson, and Taylor*®
2200-3500 10-2.7 Shock wave (interferometer) Greenspan and Blackman*!*®
2000-5000 50-2.2 . ” ” » Matthews'**

NO 450-1300 0.47-0.17 Shock wave (absorption spectroscopy)] Robben'!

Table VI. Values of the vibrational relaxation time for triatomic gases,
obtained by the use of shock tubes

Range of measured values Possible type of vibrations and
Temperature of Tyip (usec), for corresponding characteristic
Gas range (°K) p=1atm temperature ¢ Authors
Co, 300-1250 5.2-0.85 Deformational vibrations, Griffith, Brickl, and Blackman**’
6 = 959°K
360600 2.32-0.76 6 = 959°K Resler and Scheibe'®®
380-1000 5.0-0.4 6 = 959°K Smiley and Winkler'?*
600 2 6 = 959°K Greenspan and Blackman'!*
2200 3.5 Symmetrical valence vibrations, | Greenspan and Blackman'*
6 = 1920°K
2520-2720 54-6 Not determined Hurle and Gaydon'*
N,0 305—840 1.4-0.3 Defognatiz;g%(vibrations, Griffith, Brickl, and Blackman'*’
=8
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% _ nAE
=

where AE is the size of the first vibrational quantum,

v* is the relative velocity of molecules for which col~

lisions are important in the excitation of vibrations

[in accordance with reference 169 it has been assumed
that v* = (47%k T AE/a*hu)¥3], and o is the recipro-

cal of the radius of intermolecular interaction [for an

interaction potential taken in theform V = Vyexp (- ar)].

The quantity o was determined by comparison with the
Lennard-Jones potential by the two-point method de-
scribed by Herzfeld and Litovits;!?3 the parameters r,,
€ of the Lennard-Jones potential were taken from ref-
erence 124 and correspond to the temperature range
300 — 1000°K studied earlier. An iteration method was
used to determine the value a* = a(v*); in practice it
turned out that @ and a* are nearly equal. On the
other hand it was found that v* is always several
times the mean thermal velocity v of the molecules

at the given temperature.*

It can be seen from Fig. 9 that for the majority of
the gases the experimental points Zyip = Zyip(w*)
lie on one curve. This means first of all that the
mechanisms of excitations of the vibrations in these
gases are of the same nature. A comparison of the
theoretical calculations with the experimental data

Zyib o
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o ° °
*
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FIG. 9. Dependence of the number of collisions Z,j; neces-
sary for the establishing of vibrational equilibrium in a diatomic
gas on the adiabatic factor w1*,

for oxygen, which has been made in Sec. 3.2 over a
wide range of temperatures, shows that the assumption
of the adiabatic mechanism of the excitation of vibra-
tions is correct. Thus we can assert that for the ma-
jority of the molecules considered here the mechan-
ism of excitation of vibrations in molecular collisions
is an adiabatic one. As can be seen from Fig. 9, NO
is an exception to this rule. An interesting attempt

to interpret this result by treating the excitations as
nonadiabatic has been made in reference 44.

*Kneser'®! gives the dependence of Z,;;, on w<, where 7 is
the time of contact of the molecules in a collision, calculated as
a function of v. Since the important velocity in the excitation of
molecular vibrations is v*, the interesting relation is that giving
the dependence of Z,;, on wt* as a function of v*,
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For larger values of wT* there is also a small
spread for other molecules. Since, however, for
smaller values of wt* the data for O,, N,, Cl,, and
CO lie on a single curve, there is scarcely a basis
for asserting that the process of excitation of vibra-
tions in these molecules is not adiabatic.

In Fig. 10 these same results are represented in
terms of the dependence of Py, on the value of T~Y3.
Here, as usual, it is assumed that Py = {7yjpZ %
[1-exp(—AE/kT)]} 1. This diagram is convenient
for comparison of the experimental data with the the-
ory of Landau and Teller. Accordin/g to this theory
the relation between In P;y and T~¥3 is linear (cf.
Sec. 2). It can be seen from Fig. 10 that a linear re-
lation between In Py, and T~V2 holds only over small
temperature intervals. The experimental points can-
not be approximated by a single straight line over the
entire range of temperatures. One cause of this is
evidently that the radius ™! of the intermolecular
forces does not remain constant. On the other hand,
by comparing the theoretical and experimental values
we can determine the value of «, i.e., the potential of
the intermolecular interaction, over each small tem-
perature interval. This is especially important for
temperatures of the order of several thousand degrees,
where older methods for determining the potential of
the intermolecular interaction are not valid.

6.4. Dissociation of Diatomic Molecules. Experi-
mental values obtained by means of shock tubes for
the rate constant of thermal dissociation of diatomic
molecules are shown in Table VII. Values of the co-
efficient P of the exponential in the Arrhenius expres-
sion for the rate constant, k = PZ exp {(—D/kT), are
shown in Fig. 11, plotted against the values of (D/kT)s/ 2,

It can be seen from Fig. 11 that the experimental
values of the coefficient P form two groups. The first
group corresponds to dissociation rate constants that
describe dissociation in homogeneous systems, that
is, dissociation in an atmosphere of the gas itself. The
second group corresponds to dissociation rate con-
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FIG. 10, Probability P, for deactivation of the first vibra-
tional level.
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Table VII. Values of the rate constant for thermal dissociation
of diatomic molecules, obtained by means of shock tubes

— I
Dis-
sociat{ Dilut- |Temperature Range of values Method of Notation
ing ing range, obtained for K determina- Authors in Fig, 11
gas gas degrees (em®mole ™ sec—l) tion
0, 0, 2400—4500 1-108—1.5.10%0 Inter- Matthews1* | Solid line 2
ferometer
2580—4000 1-106—2,7.109 ” Bayron’® Solid line 3
3000-—-3500 | 2.7.108—1.6-10° | Absorption| Losev?® Solid line 1
spectrum
0, | (25% | 3100—3500 | 1.4-10%—4.1-108 | Absorption| Chesik and e)
Xe) of x-rays | Kistiakow-
» sky”
0, Ar 3300—5680 | 2.5.107—-3.1.1019 | Absorption! Camac et X
spectrum al.t®
Br, | Bre | 1010—1610 | 1.7-107—1.3-10° ” Palmer and |Upper
H ornig!® dashed line
Br. | Ar | 1310—2225 | 8.9.107—1.2.1010 ” » Lower
dashed li
1400—1800 | 8.7-107—2.7-109 » Britton et L:\:e: e
al,®4 :
I, | Ar | 10401630 | 5.6.107—9.5.10° " Jashed Line
Britton et wer
i 1id line
I N, | 1000—1560 | 2.2.10°—1.5.10t0 ,, al,®? so
(unex- ' D.ash-dot
cited) line
1, | CO, 1120 1.65-108 ” Britton et
al,®? FAN
. 0, 1275 8.8.108 ” "
I, He 1400 1.01-10° ” ” 0
*x
P magnitude larger than that in the medium of a mon-
1000 atomic gas.
The difference in the dissociation rates is most
likely due to participation of the internal degrees of
1 DA freedom of the incident particle in the process of
//’ X 0,-Ar dissociation.
; <7 Brg-Ar Z—?a-;:Aor It can also be seen from Fig. 11 that the theoretical
[ o i . .
: »x/;//x — 1-Ar D_l:_o, : relation P = P [(D/ kT)3/ 2] does not always give a good
)‘Z‘%ﬁ:‘ *—I,—He representation of the connection between P and T.
; 2% LN, 6.5. Jonization. As has already been indicated, the
- = —
- (@)% number of experimental papers devoted to the deter-
20 4 60 & 150 20 7 mination of the time for the establishing of the equi-

FIG. 11. Coefficient P of the exponential in the expression
for the rate constant for thermal dissociation, for iodine, bromine,
and oxygen. For notations see Table VII.
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FIG. 12. Time t for the establishing of the equilibrium ion-
ization in argon, as a function of the atomic temperature. The ab-
scissa is Ta in units 10° °K.

stants for dissociation in atmospheres of monatomic
gases or certain other gases. For these two groups
the coefficients of the exponential differ by about an
order of magnitude. This means that the rate of dis-
sociation in a homogeneous system is an order of

librium ionization is very small, and the results are
not always reliable. Owing to this we confine ourselves

to the data of Petschek and Bayron,

tained for the case of

153 which were ob-

the ionization of argon. Figure 12

shows values of the time 7 for the establishing of the
equilibrium ionization, as obtained in reference 153,
plotted against the atomic temperature Tp, which is
established immediately behind the shock front and
before the beginning of the ionization process (only
the data for argon of the highest purity attained are
used). From Fig. 12 we can only draw conclusions
regarding the order of magnitude of the time 7 -for

the establishing of the equilibrium ionization and about
the amount of change of 7 with temperature. In spite

of the great practical

importance of the ionization

process, the kinetics of this process is in many re-

spects not yet clear.
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